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THE TRANSISTOR 
The transistor, the spidery object at 
the right, has been called the first 
serious rival of the vacuum tube. 
With amplifications of 40-50 db the 
transistor occupies 1/ 400 as much 
space as a vacuum tube per forming the 
same job and requires about a mil­
lionth of the power supply. 
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F O R E W O R D 

The m a t e r i a l i n c 1 u de d he re i n c o v e r s t he s am e g r o u n d 
and supplements the talks given at a symposium on transistors, 
which was held at the Bell Telephone Laboratories during the 
week beginning September 17, 1951. 

In the three odd years since the transistor was an­
nounced, work has been going on to study and perfect this de­
vice in order to make it a useful and reliable tool for general 
application. With ultimate success along these lines now seem­
ingly assured, it appeared desirable to spread the available 
information widely in order to aid the military effort. 

In this volume, as in the symposium, the treatment 
follows the general sequence of: theory, transistor properties, 
circuit design principles, application and, finally, character­
istics of different transistor types now under development. In 
the short time since the invention of the transistor, an enor­
mous amount of information on physics, device properties and 
circuit applications has evolved. It is the purpose of this 
volume to provide enough representative material to give a 
picture of the current status. Included are published techni­
cal articles, reports of work carried on under contracts with 
the military services, and supplementary memoranda. In the 
symposium, some of the theory presented was drawn from Dr. 
William Shockley's book "Electrons and Holes in Semiconduc­
tors''. The pertinent chapters have not been included as they 
were considered to be too voluminous_ 

It will be recognized that, in a broad sense, this 
constitutes but a progress report. The art is moving rapidly. 
The re are s ti 11 many problems to be solved and some o f the mate -
rial given may be soon out of date. It is too early for a full 
appraisal of the extent to which the transistor may find its 
place in the field of electronics. Just now it is a promising 
infant trying to shed its swaddling clothes. It is hoped that 
this reference material will assist in this effort. 

Bell Telephone Laboratories, Inc. 
Murray Hill, N. J. 

November 15, 1951 

https://archive.org/details/ElectronsAndHolesInSemiconductors
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INTRODUCTION 

When the transistor was announced about three years 
ago, it was felt that a new departure in communication tech­
niques had come into view. Here was a mechanically simple 
device which could perform many of the amplification functions 
over which the electron tube had long held a near monopoly. 
The device was small, required no heater nower, and was po­
tentially very rugged; moreover, it consisted of materials which 
might be expected to last indefinitely long, and it did not 
appear to be too complicated to make. 

However, as might be expected for a newly invented 
electron device, the practical realization of these promises 
still required the overcoming of considerable obstacles. While 
the operation of the first devices was well understood in a 
general way, several items were limiting and puzzling, for 
example: 

a) Units intended to be alike varied considerably from 
each other - the reproducibility was bad. 

b) In an uncomfortably large fraction of the exploratory 
devices, the properties changed suddenly and inex­
plicably with time and temperature whereas others 
exhibited extremely stable characteristics - the 
reliability was poor. 

c) It was difficult to use the theory and the then-exist­
ing undeveloped technology to design and develop 
devices to a varied range of electrical characteristics 
needed for different circuit functions - performance 
characteristics were limited with respect to gain, 
noise figure, frequency range and power, - the design­
ability was poor. 

Before the transistor could be regarded as a com­
mercially practical circuit element, it was necessary to find 
out the causes of these limitations, to understand the theory 
and develop the technology further in order to produce and 
control more desirable characteristics. 

Over the past year and one-half, measurable progress 
has been made in reducing, but not eliminating, the three men­
tioned limitations. 
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These a~vanc~s have been obtained through an im­
proved understanding, improved processes and improved ger­
manium materials. As a result: 

a) the beginnings of method have evolved in the use of 
the theory to explain and predict the network char­
acteristics of transistors in terms of physical 
structure and material properties. 

b) It is now possible to evaluate some of the effects and 
physical meaning of empirically derived processes 
and to thereby devise better methods subject to 
control. 

c) As a result, on an exploratory development level, 
it is now oossible to make transistors in the labor­
atory to several sets of prescribed char&cteristics 
with usable tolerances and satisfactory yields. 

d) Such transistors are greatly improved over the old 
ones in so far as life and ruggedness and some re­
duction in temperature dependence has been achieved. 
However, it is not to be inferred that all reliability 
problems are solved. 

e) It has become possible in the laboratory to explore 
some of the consequences of the theory experimentally 
such that point contact devices with new ranges of 
performance are indicated. Even more importantly, 
new p-n junction devices have been built in the labor­
atory and these junction devices have indicated an 
extension in performance characteristics in some 
respects. 

f) By having interchangeable and reliable devices with 
a wider range of characteristics, it has become pos­
sible to carry on exploratory circuit and system 
applications on a more realistic basis. 

This course represents the belief that enough advance 
has been made in reducing the original limitations to warrant 
further serious exploratory circuit applications. It does not 
imply that these limitations have been completely reduced nor 
that the full range of possible performance characteristics has 
been achieved. But it will become apparent from the other 
reference material that a considerable range of circuit appli­
cations is now possible. It is believed that more rapid develop­
ment will be possible under the stimulus of a critical evaluation 
arising from a still wider range of circuit and system work. 
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Systems Aspects of Transistors 

In the last analysis the only reasons for considering 
transistors over vacuum tubes for any electronic applications 
have to be a combination of superior performance, miniaturiza­
tion, reliability or economy. To a great extent it is much 
too early to get a clean cut answer to such a comparison for we 
are comparing a 40-year-old giant with a 3-year-old child. On 
the other hand, unless an attempt is made to answer such ques­
tions now on the basis of extrapolating present reality to 
future potentialities, the child may never grow or develop to 
these possible future potentialities. What we are really asking is: 
Can we now build, or can we expect after suitable development 
to be able to build, electronic communication and control 
systems with transistors which are superior to tube systems from 
the point of view of a) actual performance, b) miniaturization 
in space and power, c) reliability, d) economy. 

In CW transmission systems the following functions 
and figures of merit are of prime importance: 

Amplification 

Figure of Merit 

Gain/Stage 

Noise Figure 

Frequency Limit 

Power Output 

Class A Efficiency 

Class B Efficiency 

Fie:ure of Merit 

f 0 max. 

Efficiency 

Po 

Tube 

20-40 db. 

0 to 30 db. 

0 to 60,000 me 

0 to kilowatts 

35% 

79% 

Generation 

Tube 

0 to 60,000 me 

60-70% 
0 to 105 watts 

-4-

Transistor 

20-40 db. 

10 to 50 db at 

0 to 30 me 

0 to 2 watts 

35-49% 

> $0% 

Transistor 

0 to 300 me 

>70% 
0 to 10 watts 

1 kc 



On a straight performance basis then, CW trans­
mission functions are clearly performed better by tubes for 
frequencies greater than 30 me. Below some 10-20 me, however, 
it seems that transistors are the equals of tubes in most cate­
gories and in some places superior except for extremely high 
powers. In pulse transmission and control (including switch­
ing and computing) quantitative figures of merit are not avail­
able for either tubes or transistors simply because they have 
not yet been defined for this field of systems. However, in 
so far as comparisons can be made for such functions as pulse 
generation, pulse counting, pulse storage, gating, pulse 
amplification, and pulse delay it seems that transistors can 
perform equally well to tubes / for pulse lengths >0.5 µ sec. 
and repetition rates up to 10°/sec. In systems utilizing semi­
conductor diodes for logical operations transistors have some 
system advantages over tubes because they are basically of 
the same physical nature as semiconductor diodes and coupling 
and switching problems are somewhat simplified. 

In so far as the actual volume occupied by the electron 
devices is concerned we note the following comparisons: 

Tubes Transistors 

1 to 1/8 cu. in. 1/50 to 1/2000 cu. in. 

This, of course, is not the whole story and only further study 
of tube and transistor systems can answer this, but indications 
are that at least an overall saving of from 5-10 to one can be 
currently realized. 

The relative power supplies for small signal appli­
cations are indicated below: 

Tubes Point Contact Junction 
Transistors Transistors 

Heater Plate Total Total Total 

25 to 25 to 50 to 2000 4 mw to 50 mw 1 µw to 100 
1000 mw. 1000 mw. mw. 

With regard to reliability, extrapolation of aging 
curves indicate a life of the order of 75,000 - 100,000 hours, 
well above most vacuum tube types. Transistors will stand 
shocks in excess of 30,000 g and there is no indication of modu­
lation in vibration tests up to 1000 g. Temperature effects are, 
however greater in the case of transistors thereby limiting 
their u;e to temperatures less than 80°C. 

- 5 -

'),lW 



Tentative Conclusions 

In pulse systems(< 1 me repetition rate) transistors 
should be considered seriously because of their marked superior­
ity in miniature space and power, bearing in mind that in some 
reliability figures they are superior whereas in the matter of 
temperature dependence they are inferior~hough certainly as 
good as single contact diodes and moreover they generate less 
heat). 

In cw applications at frequencies less than 10 mega­
cycles, essentially the same results are now possible primarily 
because of junction transistors. However, in some cases point 
contact transistors are adequate. In the range from 10-100 me 
tubes are currently superior in every performance figure ex­
cept perhaps noise and bandwidth so that for transistors to be 
considered seriously for such systems much greater premium 
must be placed on miniaturization and reliability than for the 
other aforementioned systems applications. 

Thus, it is believed that even though there are many 
outstanding problems of a circuit and device nature yet to be 
solved, it is time for the circuit and systems engineers to ex­
plore seriously the application possibilities of transistors 
not only in the hope of building better systems but also to in­
fluence transistor development towards those most important 
systems needs for which their intrinsic potentialities best 
fit them. 

It will develop that transistors, because of their 
essentially different physical structure, turn out to be unique 
in their circuit properties. It will become apparent that it 
is not often possible to simply substitute for a vacuum tube a 
suitable transistor and have even a working circuit let alone an 
equivalent system. Accordingly, it becomes necessary t o re­
examine requirements in terms of our communication techniques 
by going back to the starting point and asking anew: 

1) What are the essential system functions to be per­
formed and what requirements do they place upon the 
circuit blocks which produce them. 

2) Being fully aware of the circuit characteristics of 
transistors, what kind of network arrays are required 
and what specifications do these circuits demand from 
transistors. 

J) What circuit characteristics of transistors are 
currently available and how do they further satisfy 
the reliability requirements of modern communica­
tions systems. 
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Grrmanium, //u crystal oj 
tht transistor, /ins thr crys­
tal .<tructurt of diamond. 

( lllwtralion courte..sy Bt.U Sysltm Tu.h­
niral Journal, July, 1940, ('. J.M.) 

Holes and Electrons 
by William Shockley 

Some new experiments in transistor electronics are 
described here in which concepts suggested by 
theory have been verified directly by experiment. 

Recently a far more intimate and detailed view 
of the basic processe;; hr which electrons carry 
current has been made possible by new experiments 

based upon the in\'ention of the transistor. 
Electronic conduction, in which only the elec­

trons move while the atoms or ions remain in fixed 
po~itiom. is preferred in most electrical applica­
tions since it doe~ not cau~e the gross chemical or 

physical changes produced by ionic conduction. 
Aside from their intrinsic usefulness, the new ex­
periments provide another example of the intimate 
connection between the basic and the applied in 

f.Cience, for here fundamental scientific knowledge. 
which has stimulated technological Je\·elopments. 

has in turn been helped directlv by the developments 

it stimulated. 
The transistor was invented by J. Bardeen and 

\V. H _- Brattain of the Rell Telephone Lahoratories. 

The}' showed that when two rectifying contacts, in 

close prnximity to one another, are made to a 

germanium crystal, the electronic structure in the 

germanium may he changed by passing current for­

ward through one of the points, and that this change 

may be detected by drawing reverse current through 
the other point. The effects are so pronounced that, 
as is well known now, power gain may result and 
the device may be used as an amplifier or for many 
of the other purposes for which a vac uum tube is 

usually employed. The description of the transistor 
as a useful circuit element has hccn given so many 
times that I shall not repeat it here ( sec, for ex­

ample, Physics Todn_r for August , 19-1-8, page 22), 
hut work on this device has made possible descriptive 
experiments on various phases of electronic conduc­
tion. These experiments have experimentally sup­
ported parts of the physical picture of electronic 

conduction which were hascd pre\·iously on theoreti­
cal considerations alone. 

This paper was the subject of the t91h J ose ph lknri· Lect ure delivered 
1,cforc the I'hiloY>phical Society of Wa., hinglon on ~lay 13 19S0. 11 
lJrtsents in a si mplified form a portion or the author's bo~k uF.lcc­
trons and Holes in Semiconductors, with Applications to Transistor 
Eltctronics" "·hich is pl:rnncd for pu hlicalion 1his fall as one or the 
Bell T~l tphnoe Laboratories Series. William Shackle :,, acq uired his In ­
terest in solid stale physics at :\I IT while carryin~ o ut his cloctor:lle 
research under J. C. Slater. lie has continued in th is field at Bell 
Telephone Laboratories except for inll'rruptions ror war work . At the 
end nf World War II, lhe Solirl Stale Group at Hell Telephone Labo­
ratories was orjlanizcd with Dr. Shockley as a cosupcrvisor. Special 
e!11_Phasi~ was placed on semiconductor rcst·a rch because of the possi­
h1hty of makmJl: amplifiers. an aim which was achicvrd with the 
transistor and which led lo the rxprrimcnt s in tran ~istor elrclronics 
d1•sr.ri bert in thi5 articlr . 
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The physical picture of electronic conduction re­
sulting from investigations of silicon and german­
ium in connection with the development of crystal 
rectifiers during the war, and still earlier theories, 
describes the conduction process in considerable 
detail. Prior to the new experiments (and I shall 
consider only germanium for which the story is 
most complete) only certain over-all conclusions 
from the theory could be verified directly. In P. W. 
Bridgman's sense of the word "operational" there 
were many conceptual aspects of the picture which 
had no operational verification. The new experi­
ments give a real operational meaning to a large 
number of the concepts which formerly entered only 
as intermediate steps in the calculations before 
theory was compared with experiment. In addition 
to giving this deeper and more intimate insight 
into the basic mechanisms the new results furnish 
information of direct applicability in problems of 
understanding and designing transistor devices. 

The Physical Picture 

Like carbon, germanium is tetravalent and crys­
tallizes in the diamond st i:ucture, in which each 
atom is surrounded by four neighbors with which 
it forms electron-pair bonds, all making equal 
angles with each other. The valence-bond system 
may be regarded as a rigid structure which holds 
the atoms in place and provides a role for each of 
the four valence electrons of the germanium atoms. 
Since the electrons are occupying all of the possible 
bond ·wave functions, there is no possibility of pro­
ducing current by displacing them while keeping 
the valence-bond structure intact. 

If a germanium crystal or a diamond crystal is 
illuminated by light with sufficiently energetic pho­
tons, then the valence-bond structure may be tem­
porarily disturbed. A high energy photon will eject 
an electron from one of the bonds and this electron 
will then be free to move about the crystal. The 
hole left behind can also. move since electrons in 
adjoining bonds may move into it, thus producing 
a net displacement of the hole. 

According to the accepted theoretical pictures 
the excess electror in a semiconductor, or simply 
the electron, as it is usually called, can be thought 
of as behaving much like an electron in free space. 
It can move through the crystal lattice for great 
distances without being appreciably deflected by 

the fields due to the atoms of the lattice. The reason 
that it is not deflected each time it travels through 
a unit cell is that it moves as a wave. If the crystal 
were perfectly periodic, this wave could travel in­
definitely without being scattered; but after travel­
ing a few thousand lattice constants the electron is 
almost certain to be scattered in germanium at room 
temperature because thermal vibrations disturb the 
perfectly periodic arrangement of the atoms. 

Precisely similar theoretical conclusions are reached 
about the behavior of a hole. Thus the physical pic­
ture of an electron is that of a more or less localized 
wave packet having minus one electronic unit of 
charge which moves in a random fashion under the 
influence of thermal agitation and changes its direc­
tion of motion, on the average, each time it has 
traveled about one thousand lattice constants. The 
picture of the behavior of a hole is precisely the 
same except that the change is plus one electronic 
charge. (This is not an obvious result and can be 
justified only by lengthy theoretical arguments.) 

Expected Effects 

It should be pointed out that other types of 
behavior are perfectly conceivable. For example, 
it might be possible that the effect of light falling 
upon the crystal would be to destroy entirely one 
electron-pair bond. Under these conditions the hole 
would have a charge of + 2 electronic units and 
would otherwise behave the same as the hole, as 
we have already described. Thus, one objective of 
experiment is to verify that the charges which move 
in the crystal are - I and + I electronic units of 
charge respectively. Another objective of experi­
ment is to show that the random diffusive motion 
actually takes place. 

Other effects must be consistent with the physi­
cal picture. Under the influence of an electric field 
a steady drift is superimposed on the random mo­
tions and as a result, in addition to diffusing away 
from any given point, an electron tends to flow 
through the crystal in a direction opposite to the 
electric field-opposite since its charge is negative. 
Similarly a hole tends to flow in the direction of 
the applied field. The localized disturbance of the 
valence electrons, which is what the hole really is, 
moves just as would a particle and drifts in the 
direction of an applied field. This displacement of 
the disturbance in the direction of the applied field 
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<:nnduction in tl,r pu/ectly bonded 1/rucl11rc may be produad 
by photon ab1orption qvl,icl, produ,,, l10/t-elutron pair,. 

has been directly observed as a result of experi­
ments on transistor action. If both electric and 
magnetic fields are simultaneously present then the 
drift motion produced by the electric field results 
in a sidewise thrust in the presence of the magnetic 
field. 

lt is interesting and important to note that the 
same electric and magnetic fields will exert a side 
thrust on holes and electrons in the same direction 
rather than in opposite directions. This can be un­
derstood by realizing that the force due to motion 
in a magnetic field is dependent both upon the 
direction of motion and upon the charge. For 
the case of an electron the motion is opposite to 
that of a hole and the sign of the charge is also 
opposite. As a result the sidethrust of the magnetic 
field is in the same direction for both carriers. 
There are, of course, deAections due to the random 
motion as weli as the steady drifting motion of the 
particles, but these cancel out on the average so 
that for purposes of calculating the deflection it suf­
fices to consider the average motion. One of the new 
experiments show, that these sidewise deAections 
actuall~• occur, and under favorable conditions 
result in concentrating both holes and electrons on 
one side of a conductor. 

A Fortunate Property 

In germanium at room temperature holes and 
electrons are created by other processes than light 

absorption. Thermal agitation of the lattice causes 
the spontaneous breaking of bonds and the genera­
tion of holes and electrons. The reciprocal process 
goes on at a compensating rate under conditions 
of thermal equilibrium so that hole electron pairs 
are being continually created and recombined. In 
germanium at room temperature these processes 
would reach a balance when the concentration of 
holes and electrnns is ~ufficient to give the sample 
a resistivity of approximately 6o ohm cm. 

If it were necessary to deal exclusively with 
semiconductors having equal numbers of holes and 
electrons, the problem of unraveling the behavior 
of the individual types of current carriers would 
be much more difficult. Fortunately, samples hav­
ing conductivity by electrons alone or by holes alone 
can be prepared in controlled ways. 

A specimen which conducts by electrons alone 
is called n-type since the current carriers are nega­
tive. Its conductivity arises from the presence 
of chemical impurities called donors which give 
electrons to the conduction band. A typical donor 
atom for germanium is antimony which has a 
valence of 5. This atom forms four electron-pair 
bonds with its neighbors using for this purpose four 
of its five valence electrons. The fifth valence elec­
tron cannot fit into the bond structure and becomes 
free to wander through the crystal. The addition of 
antimony does not produce a net negative charge 
in the crystal, however, because the antimony atom 
itself represents a fixed immobile positive charge, 
its share of the four valence bonds around it being 
insufficient to neutralize the charge of + 5 units on 
its core. At I.ow temperatures the attraction between 
this plus charge and the electron is sufficient to 
bind the electron to the antimony ion in a wave 
function similar to that of an electron in a hydrogen 
atom. The binding is much weaker than that of 
hydrogen, however, because the charge of the anti­
mony ion is imbedded in a dielectric consisting of 
the germanium atoms, and as a result the electron 
is so weakly bound that thermal agitation readily 
frees it. At room temperature, in a sample of n-type 
germanium, a negligible number of electrons arc 
bound to the donor ions. 

An entirely similar situation occurs for a sample 
containing impurity of valence 3, of which gallium 
is an example. In such a crystal the electron-pair 
bonds around the gallium atom are completed by 
the stealing of an electron from an electron-pair 
bond somewhere else. This results in the presence 
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Addillg donor, wit!, vale11cc 5 produu1 a11 n-typc umiconductor with conduction by du­
tron1 alone. ITaeptorJ with vale11a J 1imilarly produ<e p-type with conduction by hole,. 

of a mobile hole, and the gallium atom ~ith its 
surrounding share of the valence bonds becomes a 
negative ion. Because of its thieving nature an atom 
of valence 3 is politely called an acceptor. 

If both acceptors and donors are incorporated in 
germanium in equal numbers the resulting con­
ductivity is not the sum of ;h~ conductivities of 
the two types but is substantially the same as it 
would be if neither were present . The reason is 
that the electrons produced hy the donors combine 
with the holes produced by the acceptors until 
finallr an equilibrium density of holes and elec­
trons is produced just equal to that which would 
occur as a result of spontaneous thermal genera­
tion. Consequently, the conductivity of a sample 
having donors and acceptors is determined by the 
more ab undant type of impurity and is the same 
as it would be if simply the excess density of that 
type alone were present. 

The basis of the development of transistor elec­
tronics at Bell Telephone Laboratories both from 
the applied and theoretical sides has been the prep­
aration by J. H. Scaff and his colleagues of 
germanium of high purity with controlled additions 
of donors and acceptors. Another vital aid to re­
search has been the growth by G. K. Teal of 
relatively large and perfect single crystals. And 
still another essential ingredient has been the de­
velopment by \V. L. Bond and G. L. Pearson of 
microtcchniques for adjusting point contacts and 
cutting small specimens or filaments. 

\Ve may summarize the physical picture of the 
principal attributes of holes and electrons as fol ­
lows: they behave like particles having charges 
equal respectively to minus the charge of the elec­
tron and plus the charge of the electron. They 
undergo random thermal motions so that they tend 
to diffuse away from any point where they are 
initially located. Under the influence of an elec­
tric field an electron drifts opposi te to the field 
and a hole with the field. These drift velocities 

are, according to theory, proportional to the elec­
tric field, the proportionality constant being called 
the mobility. According to convention, mobility is 
always given as a positive number so that it gives 
merely the ratio of speed to electric field and is 
pl us for electrons as well as for holes. Under the 
influence of electric and magnetic fields both elec­
trons and holes tend to be thrust towards the same 
side of the specimen. The physical picture also in­
cludes the concepts of electron and hole densities 
usually expressed in number per cubic centimeter 
and written as II and p. 

Conductivity and Hall Effect 

The pretransistor measurements of the behavior 
of holes and electrons consisted chiefly of measure­
ments of conductivity and Hall effect. Conductivity 
was measured simply by preparing a specimen of 
suitable shape , preferably with a rectangular or 
circular cross section and much longer than it was 
wide. Current was then passed through this speci­
men and the conductivity measured using Ohm's 
law. For an n-type sample of germanium this con­
ductivity gave information about the product only 
of three of the quantities of the physical picture: 
the size of the charge, the density of electrons, 
and their mobility. By itself it verified nothing 
about sign of the charge of the carrier since the 
theory requires tha~ the charge and the direction 
of motion are coupled so that ordinary positive 
resistances occur. 

The other measurement which gave information 
on the nature of the conduction process was hased 
on the Hall effect. \Vhen electrons flow down a 
filament in the presence of electric and magnetic 
fields, they tend to be deflected to one side. As a 
result of this deflection there is a small accumula­
tion of electrons on one side of the specimen and a 
corresponding deficit on the other side. These 
charges produce an additional electric field which 
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tends to neutralize the sidewise thrust of the 
magnetic field. According to one somewhat over­
simplified way of considering the Hall effect, the 
steady state is reached when the transverse elecrric 
field due to the accumulation of charge sets up a 
sidewise thrust which exactly balances the sidewise 
thrust due to the magnetic field. 

It is evident that these sidewise electrical thrusts, 
which exert forces in the same direction for holes 
as for electrons, must correspond to fields of opposite 
signs when the carriers are considered separately. 
The same result can be seen by considering the 
transient effect which occurs when the magnetic 
field is being applied. As the magnetic field builds 
up, electrons in an n-type sample would be deflected 
towards the top; and in a p-type sample holes would 
similarly be deflected towards the top so that the 
transverse electric fields, which can be measured 
in Hall effect experiments, would have opposite 
signs for n-type and p-type. This difference in sign 
allowed the conductivity type to be determined by 
the Hall effect. 

Furthermore, by equating the two thrusts it was 
found that a measurement of the ratio of trans­
verse and longitudinal and electric fields at a known 
magnetic field is equivalent to a measurement of 
the mobility. This ratio of transverse to longitudinal 
electric fields is the angle in radians between the 
direction in which the current flows and the direc­
tion of the resultant or total electric field. In terms 
of a more detailed picture of the statistics of the 
process involved this angle has an interesting in­
terpretation: if the electron were moving in a 
magnetic field alone, its path would be an arc of a 
circle. The Hall angle is the average angle of the 

arc between collisions. 

So the Hall effect may be considered as a means 
of measuring mobility. Actually it is a very indirect 
means since it does not involve measuring times and 

distances in order to determine the drift velocities 

associated with the mobility. Time enters the mo­

bilitr deduced from the Hall effect through the 

,-In elutric field ,uperirnpous a 
drifting motion with averag~ 
'Velocity V on top of the random 
motion. The ratio V/E is the 
mobility µ . 

E 
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calibration of the instruments which measure the 
magnetic field. This indirectness has a theoretical 
counterpart as well, arising from the neglect of 
momentum transfer during collisions with the 
atoms; thus theory indicates that only under very 
special conditions can the mobility deduced from 
the Hall effect he considered as equivalent to the 
true or drift mobility. For germanium it appears 
at present that these simplifying assumptions are 
almost but not exactly correct. In principle, how­
ever, it is possible to have electrons and holes behave 
in such anomalous ways that the Hall effect gives 
the ,nong sign. 

Thus, from the operational viewpoint, the Hall 
effect cannot be regarded as giving a demonstration 
that particles drift with the predicted velocities 
nor does it show that they arc deflected by the 
sidewise thrust as predicted by the physical picture. 
Practically, however, there is evidence that the Hall 
effect is generally reliable and most of the quantita­
tive aspects of the theory arc based on its use. Even 
accepting the mobility as given by the Hall effect, 
however, data from it and from the conductivity 

measurement give only two relationships among 
three quantities ( the charge of the carrier, the 

density of the carriers, and the mobility). 

Radioactive Antimony 

The concentrations of donors and acceptors which 
produce the conductivities usually observed in ger­
manium samples arc extremely small, of the order 

of one atom in one hundred million , so small that 
conventional chemical methods of analysis are quite 

inadequate. If the impurity contains a radioactive 
isotope, however, even these small conccn tr'ations 

may be measured. Samples of germanium containing 
radioactive antimony have been studied by Pearson, 

Struthers, and Theucrer and the effective concen­

tration of added donor atoms has been directly 

determined. On the basis of the theoretical picture, 

the concentration of donors should be equal to the 

concentration of excess electrons so that in these 

- 12 -



-i 

samples we may consider that the concentration is 
known. Even if no antimony is deliberately added, 
some impurity is always present and this must be 
estimated by control experiments. Combining this 
information with the knowledge of the mobility 
obtained from the Hall effect one is able to deduce 
an effective charge for the electron. This charge 
appears to be somewhat greater than the charge 
of the free electron but the accuracy of the data 
does not, at present, warrant a positive conclusion 
on this point. From the theoretical point of view as 
discussed above, the mobility of the particles and a 
correction factor may have to be introduced. For­
tunately, the charge of the earners can now he 
determined by a more direct means. 

The Sign of the Charge-Carrier Injection 

One of the basic new phenomena resulting from 
the transistor studies is that of hole injection. The 
phenomenon occurs when a point conbct is made 
to a sample of n-type germanium. (A corresponding 
process of electron injection occurs when p-type 
germanium is used and the two types are grouped 
together under the phrase "carrier injection".) This 
process is so different from that occurring in 
ordinary conduction process that it is helpful to 
give first a description of the ordinary conduction 
process in more detail than usual in order to con­

trast. the two. 
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In an 11-type sem iconduclor nor­
mal conduction corresponds lo 
an incompressible flow of elec­
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If electrodes are placed on the two ends of an 
n-type sample, and suitable precautions are taken 
to make them nonrectifying, then the passage of 
current through the sample involves a flow of elec­
trons in at one of the terminals and out at the other. 
The total number of electrons in the sample stays 
constant . during the process, however, because if 
any appreciable deviation in the total number of 
electrons occurred, the specimen would become elec­
trically charged, and a very small fractional devia­
tion would set up enormous electric fields. Thus the 
electron flow is like that of· an incompressible fluid. 

Another important feature of the ordinary con­
duction process is that the velocity of an electri­
cal signal down a long wire of germanium is 
much greater than the velocity with which the 
electrons drift down the wire. If a coaxial line 
were made with a central conductor of germa­
nium, for example, and a negative voltage were 
suddenly applied to one end, electrons would flow 
into that end almost instantaneously. This flow 
would produce an electric field which would be 
transmitted down the coaxial conductor with ap­
proximately the speed of light. This electric field 
would set in motion electrons at successively more 
distant points along the filament so that very quickly 
all of the electrons in the filament would be drifting 
in the same direction. It would not be necessary to 
wait until electrons injected at one end drifted 
to another point in the filament to detect the signal 
produced by applying the voltage. 

The phenomenon of hole injection stands in great 
contrast to that of ordinary conduction. It is neces­
sary to wait until the holes drift to another point to 
detect the signal. In the case of hole injection, a 
rectifying contact ( of transistor emitter type) is 
made to the n-type germanium. \Vhen this rectify­
ing contact carries a positive current into the ger­
manium, the electronic equilibrium is upset. The 
reason is that the electrons drawn out of the ger­
manium. when the positive current flows through 
the contact, are taken from the valence bonds rather 
than from the excess electrons of the conduction 
hand. The theory for this behavior can be under­
stood in terms of transistor action; for our purposes 
we may consider it simply as an established fact. 



.4 pulu of halts i11juttd by an tmilltr 
point is ntulralitt.td by extra electrons flow­
i119 i11 al tlu e11d ltrminals. Tiu /Joie pulse 
drifts i11 the dirution of the applied field. 

Assuming that this process occurs, we see that when 
the point is positive, it generates holes within the 
germanium which can then diffuse away from the 
contact. If an electric field is present these holes 
will be carried away in the direction of the electric 
field. 

Another point contact is made to the same sample 
and is biased in the negative, direction, which is 
the reverse or high resistance direction for n-type 
germanium. If holes injected by the first point 
arrive at the second point, t~e high resistance of 
second point will be greatly reduced-this being 
one of the important transistor principles. Thus 
the second or collector point is a detector for holes 
and can be used to time the arrival of holes after 
they have been injee1ed by the emitter point. 

J. R. Haynes has used these effects to make 
precision measurements of the drift mobilities of 
holes and electrons: a thin rod of n-type germanium 
is caused to carry a steady current from end to 
end by large inert electrodes which do not inject 

holes; two point contacts are made to the rod and 
a pulse of holes is injected into the rod by one of 
the points; the other point is connected to an os­
cilloscope and the arrival of holes added is detected 
by a change in its reverse current. As soon as the 
emitter current flows a signal is detected at the 
collector, this being the ordioary Ohm law signal, 
discussed above, which is transmitted with the speed 
of light. It serves the useful purpose of giving 
a reference time to tell when the holes were in­
jected. At an appreciable time later there is another 

signal on the collector point, which shows the 

arrival of the holes. 
Haynes has found that the disturbance set up 

at the emitter point moves in the direction expected 
for a positive charge and that its drift velocity 

is proportional to the electric field. This experi­
ment thus observes directly the drift velocity, which 
was a concept in the original theory not supported 

directly by experiment, and it also verifies the fact 
that the disturbance introduced has a positive sign. 

He has carried out similar experiments for p-type 
germanium into which electrons are injected. 

A hole injected in these experiments will com­
bine with an electron unless it is drawn out of the 
end of the filament first. Experiments using fi!a­
ments with different cross sections show that this 
recombination takes place largely on the surface 
of the filament and is describable in terms of an 
average lifetime for a hole. Values ranging from 
less than one to over one hundred microseconds have 
been measured for both holes and electrons. 

Unlike the case of ordinary conduction, elec­
trostatic neutrality does not limit the number of 
holes which can be injected into a sample of n-type 
germanium. The reason is that as the holes are 
injected, they set up an electric field which attracts 
electrons. There is a practically unlimited supply 
of these electrons available to flow in through wires 
connecting the end terminals of the germanium 
sample to the battery, which is used for injecting 
the holes. Thus, very large concentrations of holes 
and electrons may be produced. The presence of the 
added holes and electrons under these conditions in­
creases the conductivity of the sample and this in­
crease can be used to measure the added concen tra­
tion. The resulting conductivity modulation can be 
used so as to obtain power gain. Transistors using 
this principle, called filamentary transitors, have 
been shown by Pearson and Shockley to operate in 
accordance with the theory based on the physical 
picture and have been used to study some of the 

quantities entering the theory. 

An Observation of Diffusion 

An experiment which measures not the drift 

velocity in an applied electric field but measures 
instead simply the diffusion of added holes has been 
carried out by Goucher. No sweeping field is applied 

to the specimen and the emitter point is replaced 
by a small spot of light. ( Goucher has shown by an 
independent experiment that every photon absorbed 
in the germanium over a wavelength range of 1 .o 
to 1.8 microns generates one hole-electron pair.) 

Since no net current is produced when hole-electron 
pairs are generated by the light, the electric fields 
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are so small that they contribute negligibly to the 
motion of the holes; and the holes thus move sub­
stantially under the influence of diffusion alone. 

For such a case the manner in which the density 
of holes decreases at distances from the light source 
can be predicted directly from theory. The lifetime 
of a hole, which enters the calculation, has been de­
termined by experiments of the sort carried out by 
Haynes. The presence of the holes can be detected 
by the collector point on the filament without draw­
ing any current because when the holes arrive at 
this collector point they cause an internal contact 
potential difference to develop. By these means 
Goucher has detected the presence of holes which 
have diffused more than one millimeter away from 
the light source and has found that the hole density 
depends on distance from the light source in pre­
cisely the way one would expect, based on the pic­
ture of diffusion discussed above. 

An Observation of Magnetic Deflection­
The Suhl Effect 

Direct evidence that holes and electrons are de­
flected by combined electric and magnetic fields in 
the predicted directions has been obtained by H. 
Suh!. In his experiment both holes and electrons 
are simultaneously present. This condition is very 
different from that occurring when holes and elec­
trons are present individually. In the normal Hall 
effect, for one type of carrier alone, the carriers 
flow down the filament producing a current which 

In tlu Hall t/lut, char9ts build up until 
tlu transvtrJt fitld cauus tht current flow 
to run paralltl to tht spuimtn. In tht Suhl 
t/ltct, which rtquirts strong tltctric and 
magnttic fitlds, conctntration of carritrs 
occurs sinct spact charge ntutralil'.ation of 
oppositt typts takn plact: the cau shown 
corrtsponds to injutin9 a few holn in an 
n-tyPt spuimtn. 

will tend to push the holes and the electrons both 
towards the same side. If the electric and magnetic 
fields are both sufficiently large, a situation made 
possible by germanium filament techniques, the 
holes and electrons may be concentrated on one 
side of the filament. Since the carriers are equally 
abundant, the combined densities of holes and elec­
trons will produce no net space charge. 

In Suhl's experiment only small concentrations 
of holes were injected into an n-type filament. 
These small hole currents were then found to be 
deflected by the magnetic field so that the holes 
were found all on one side of the filament. The 
means of detection was again a collector point 
operated at a low voltage so that the current which 
it drew produced only a small disturbance in the 
hole flow that was being measured. Suh! found that 
the concentration of holes as measured by the col­
lector point obeyed precisely the theoretical laws 
expected if holes were actually subjected to the side 
thrust predicted by the theory. Furthermore, he 
found that the lifetime of the holes in the filament 
was greatly reduced by this process and this reduc­
tion could be explained by supposing that the holes 
recombined with electrons chiefly on the surface 
of the filament, a conclusion in agreement with 
Haynes' findings. 

The Magnitude of the Charge-Recti.ication 

The magnitudes of the charges of the holes and 
electrons can both be shown to be equal to the 

is uniform across the cross section and the carriers ,o 

have a uniform density. The uniform density is re­
quired by the fact that deviations from it produce 

a net space charge. 
The Suh! effect is probably most easily described r 

in terms of an extreme case corresponding to an o., 
intrinsic semiconductor ( one in which holes and 
electrons are present in equal numbers). Here the 0.01 

combined action of electric and magnetic fields u1·r 
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electronic charge by studying the rectification curves 
of p-n junctions. A p-n junction occurs when the 
donor and acceptor densities vary in a single piece 
of germanium so that one part where the donors 
predominate is n-type while another part is p-type. 
A rectifier may be made by making low resistance 
contacts to the p- and n-parts, making such con­
tacts being somewhat of an art. 

Current flow across the junction between the p­
and n-type parts has a nry nonlinear current voltage 
relationship. The easy direction of current flow is 
that in which the p-side is biased positive so that 
holes tend to flow from it into the n-side while 
electrons flow in the opposite direction and on both 
sides of the junction carrier injection occurs. The 
behavior of holes and electrons in such junctions 
has been analysed and it is found that the theoreti­
cal relationship between current and voltage is the 
same as the theoretical formula for other types of 
rectifiers. 

However, the greater perfection of the junctions 
made in germanium leads to a much closer approach 
of the experimental curve to the theoretical curve 
than has been observed before. The formula for 
rectification involves directly the effective charge 
of the carriers and it is found that the formula is 
best fitted for a p-n junction of high perfection 
by choosing the charge on the mobile carriers as 
that of the electron. 

The quantitative fit of Suh! effect data also in­
dicates that the charge is one electronic unit, but 
the available data are not so accurate as that for p-n 
junctions and the theory somewhat more involved. 

Conclusions 

Although the experiments just described have 
verified many features of the physical picture of 

the behavior of holes and electrons, the picture it­
self is not complete. The verified features however 

are those which are of most importance i~ practical 
applications. Applications in transistor electronics 

require knowledge of mobilities, drift velocities, 
diffusion, the magnitude of the charge, and the de­

flections of magnetic fields. These quantities have 

now been given an operational meaning ( in Bridg­

man's sense) in situations closely resembling those 

in which they will be used for design purposes. 
For this reason these features of the physical picture 

have a reality which can hardly be affected by any 
future changes in the theory. 

There are other aspects of the theory that have 
had some degree of test. The velocity distribution 
of the electrons is predictable and has been inves­
tigated theoretically through its inAuence on the 
scattering process. A more serious problem has to 
do with whether the electron waves move through 
the crystal like pressure waves in a gas, which can 
be only longitudinal, or like mechanical waves in a 
solid which have three sound velocities, this latter 
case corresponding to a degenerate state at the edge 
of the band. The increase in resistance in magnetic 
fields seems to require the more complicated case 
but the details have not yet been worked out. Even 
with these lacks, however, germanium has become 
one of the best understood of all electronic conduc­

tors and may well become the best understood as 
a result of studies centered around its application 
in transistor electronics. 

electron, 
hole, 

Ohm', law 
Hall effect 

Radio-Sb 

Hayne, 

Swhl 

p-11 junction 

In the pretransistor experiments only 
conductivity and Hall effect were meas­
ured giving two relations among three 
quantities ( or among /our quantities if 
µ. and µu are distinguished). The new 
experiments give direct operational sig­
nificance lo all the remaining quantities 
of the table. 
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The Physics of Electronic Semiconductors 

G. L. PEARSON 
NONMEMBER AIEE 

CEMICONDUCTORS haYe a number 
.,, of unique properties which make 
them useful in the design of electric cir­
cuit elements. Their electrical resistivi­
ties near room temperature fall in the 
range 10-1 to 10-6 ohm-centimeters. In 
comparison, the resistivities of typical 
metals in this temperature range are 
around 10-s ohm-centimeters and those 
of insulators between 106 and 1015 ohm­
centimeters or higher. The electrical re­
sistivities of semiconductors and insula­
tors decrease rapidly with rise in tempera­
ture, while those of metals increase rela­
tively slowly. The resistivities of dry 
rectifiers, which consist of a metal in con­
tact with a semiconductor, may change by 
a factor of 1,000 as the sign of the applied 
potential is reversed. The purpose of 
this p;per is to outline the present the­
ories relating to semiconductors and to 
correlate these with quantitative experi­
mental data obtained on some typical 
semiconducting samples. 

Semiconductors may be classified on 
the basis of their current carriers into 
electronic, ionic, and mixed conductors. 
In ionic and mixed conductors, ions are 
transported through the solid, thus chang­
ing the composition of the material. As 
this leads to unstable characteristics, only 
those substances in which the current is 
carried solely by electrons will be discussed 
here. 

As early as 1900 Drude1 suggested that 
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the high electrical conductivity of metals 
(low resistivity) was due to the large 
number of so-called free electrons. These 
electrons are free in the sense that under 
the action of an electric field they move 
through the crystal lattice, thus carrying 
a current. Their nµmber is of the order of 
one per atom or approximately 1022 per 
cubic centimeter in most metals, and this 
density does not change appreciably with 
change in temperature. In the modern 
theory of semiconductors and insulators 
as proposed by Wilson2 - 4 around 1930, it 
is shown that most of the electrons in 
these substances are bound to their re­
spective atoms, thus leaving only a small 
fraction of the electrons (1 per 103 to 109 

atoms) free to conduct current. Further­
more, the number of such electrons in ­
creases rapidly with increase in tempera­
ture, thus accounting for the high nega­
tive temperature coefficient of resistance 
in semiconductors and insulators. 

The physical picture of a metal con­
sists of an electron gas formed by the free 
electrons in which the positive ions float. 
As the ions repel each other, they tend to 
arrange themselves so as to use their 
space to the best advantage, which re­
quires that they take up some close­
packed crystal arrangement such as bodv­
centered cubic, face-centered cubic, ~r 
close-packed hexagonal. By means of 
X-ray analysis Grimm' has determined 
as shown in Figure 1B, the electron charg~ 
density in the metal magnesium for the 
base plane of lhe close-packed hexagonal 
lattice. This figure is drawn to scale, the 
unit being angstroms (l angstrom= 10 - 1 
centimeter). It is seen that lhe valence: 
electrons give a uniform negative charge 
in which the pr,silive magnesium ions are 
imbedded. The heavy densitv near the 
lattice points is from the elect;ons bound 
to the ions. Figure IA gives lht electron 
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density in the insulator diamond as de­
termined by Grimm for the 110 plane of 
the face-centered cubic lattice. Although 
the positive carbon ions are imbedded in 
the negative charge of the valence elec­
trons, it is seen that spherical symmetry is 
lacking and the electrons are concen­
trated along the shortest paths between 
atoms. 

Band Theory of Solids 

If all of the charge in the electron gas 
were free to move through the lattice 
under the influence of an electric field, 
Figures lA and lB indicate that diamond 
and magnesium should be equally good 
conductors. l\'Ieasurements show, how­
ever, that at room temperature mag­
nesium is more conducting by a factor of 
1019 and therefore we must add some­
thing to our picture to explain this enor­
mous difference. This wasoneof the major 
problems of the physics of solids which 
had to wait until the adven t of quantum 
mechanics around 10:30 for a solution. Al­
though the problem is now completely 
solved, the solution is so wrapped up in 
mathematical language that it can not be 
presented here . It can be said that 
solids, like free atoms, are pictured as 
having a large number of discrete energy 
states with one and only one electron 
allowed in each individual state. These 
energy states arrange themselves into 
bands, the structure of which determines 
the properties of the solid. Just as auto­
mobiles in a parking lot are unable to 
move when they are parked bumper to 
bumper, so the electrons in a solid are 
immobile when every energy state in the 
hand is filled with an electron. When 
there are unoccupied states in the band, 
the electrons move under the action of an 
electric field and the material is a con­
ductor. A semiconductor has only a few 
electrons in a conduction hand (a band 
with energy stales only partially filled) at 
room temperature, but this number in­
creases wilh increase in temperature . 
These ideas arc rcpresc11tcd graphically in 
Figure 2 where the black areas represent 



allowed energy levels filled with electrons, 
the white areas represent forbidden re­
gions where no energy states exist, and 
the shaded areas represent conduction 
bands. Energy is plotted vertically on an 
arbitrary scale. The width of the for­
bidden region may vary from zero to ten 
electron volts (one electron volt is the 
energy required to move one elecrron 
through a potential diJTerence of one 
volt). Figure 2A indicates the conditions 
existing in an insulator where all the elec­
trons are in filled bands and the forbidden 
region is so wide, several electron volts, 
that thermal agitation is incapable of ex­
citing electrons from the filled band into 
the conduction band. In a semiconductor 
(Figure 2B) the energy gap between the 
filled and conduction bands is small, one 
electron volt or less, so that electrons from 
the completely filled band may be ther­
mally excited to the conduction band, 
thus producing a conductivity which in­
creases with temperature. In some 
metals such as magnesium, the energy gap 
between the filled and unfilled bands is 
zero as shown in Figure 2C, and in others 
such as the alkali metals the lower band 
is only half filled with electrons (Figure 
2D). In either case conduction is good at 
any temperature. 

Semiconductor Classifications 

l\forc detailed representation of the 
electron arrangements in the energy bands 
of chemically pure semiconductors and of 
those containing small amounts of dif­
ferent types of impurities are shown in 
Figure 3. Figure 3A is for pure semi­
conductors which have been termed in­
trinsic. At any temperature Tan average 

number n of electrons are excited ther­
mally from the lower filled band to the 
upper band. Conduction then can take 
place both by means of the electrons in 
the upper band and holes in the lower 
band, which is now not quite full. In the 
latter mechanism the sign of the carrier 
charge appears to be positive. 

In most semiconductors the conduc­
tivity is highly dependent on the impuri­
ties present in the sample. By impurities 
we mean added foreign atoms, physical 
defects in the lattice, or differences from 
stoichiometric composition. It is as­
sumed that the impurities introduce extra 
energy states in the normally forbidden 
region between the bands as shown in 
Figures 3B and 3C. Electrons in these 
impurity states are localized in the neigh­
borhood of the impurity and cannot take 
part in conduction. Two types of im­
purity are possible. In .the donator or N­
type shown in Figure 3B the impurities 
carry extra electrons with them and usu­
ally have energies near the conduction 
band. Since the energy gap E 1 is much 
less than E, electrons are thermally ex­
cited at lower temperatures than in an 
intrinsic semiconductor_ At very low 
temperatures the extra electrons are all 
bound to the impurity atoms; at higher 
temperatures these electrons are ther­
mally excited to the upper band where 
they may conduct. At still higher tem­
peratures the donator electrons may all 
become excited so that the number of con­
duction electrons remains constant with 
further increase in temperature until the 
thermal energy becomes great enough to 
excite intrinsic electrons from the lower 
band. An impurity semiconductor turns 
into an intrinsic semiconductor at high 

I 

i 
_ _____a 

Figure 1. Electron 
charge densities in an 
insulator and a metal 

The numerical values 
give the number of 
electrons per atom in the 
space corresponding 
to each intensity of 

shading 

A. Diamond 
B. Mdgnesium 
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(A) (8) (C) (D) 

Figure 2. Energy level diagrams for solids 

The clear regions ar,e forbidden, the dark 
ueas are allowed and full, the shaded areas 

area allowed but empty 

A. An insulator 
8. A semiconductor 
C. A metal with overlapping filled and 

conduction band 
0. A metal with half filled band 

temperatures. At low temperatures the 
number of excited impurity states and, 
therefore, the conductivity at a given 
temperature increase with the amount of 
impurity present. 

In the acceptor or P-type impurity 
semiconductor shown in Figure 3C, the 
extra states lie near the filled band. At 
very low temperatures these states are all 
empty, but on heating, electrons from the 
lower band are excited in to them. Al though 
the excited electrons are bound, hole 
conduction is possible in the lower band. 

In an intrinsic semiconductor the con­
duction is by an equal number of electrons 
and holes, in an N-type conduction is 
solely by electrons at low temperatures 
and by electrons and holes at high tem­
perature, and in a P-type solely by holes 
at low temperatures and by electrons and 
holes at high temperatures. In addition 
to explaining the magnitude of the con­
ductivity and temperature c:oefficient, we 
will see that this picture clarifies certain 
anomalies in the Hall and them10electric 
effects in semico11ductors. 

Electrical Resistivity 

Wilson's theory shows that for intrinsic 
semi-conductors the specific resistance 

~ 

• (A) 
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I I 
I I 

E, L OONA.TOR 1----i 
fT 0

-o-~IMPUll1-1(~ 

Ez -

(B) (C) 

Figure 3. Energy level diagrams for semi-

conductors 

A. Intrinsic. semiconductor 
B. N-type impurity semiconductor 

C. P-type impurity semiconductor 
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p in ohm-centimeters is 

(1) 

where A is a factor which ,-anes rela­
tiYely slowly with temperature, T is 
the temperature in degrees Kelvin, k 
is Boltzman's constant (S.69 X 10-; 
electron Yolts per degree), and E is the 
energy gap between the two hands in 
electron Yolts. From equation l it can 
be seen that a plot of log p versus 1/ T for 
an intrinsic semiconductr,r should give a 
straight line the slo1,e of which is equal to 
E/ 2k or 5,750 times E in electron rnlts. 
Figure 4 is such a plot for silicon contain­
ing different amounts oi impurity. Cun·c 
A was obtained from measurements made 
on a hlock of silicon r,re1,ared from a mell 
of high r,urity malerial obtained from du 
Pont. Cur\'e D is from a block of Lhe 
same material to which 0.03 atomic per 
cenl of boron had been added. Cur,es B 
and C were oblained from silicon samples 
containing intermediate amounts of un­
known impurities. .-\t the higher tem­
peratures the resistfrities r,f all the sam­
ples fall on the same slraight line in ac­
cordance with our picture r,f scmic,,nduc­
tors in the intrinsic range. The slop<: of 
this line indicates that the enugy gap he­
tween the filled and unfilled bands in 
silicoo is J.2 ekctron n,lts. At !,,wcr 
temperatures the resisti,·ities do not con-
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figure 6. Schem•tic circuit •rr•nge:nent for 
the me•surement of H.11 ,oefficient in semi­

conductors 

Sign conventions Me di shown 

tinue to follow the intrinsic line, hut 
branch off at increasingly higher tempera­
tures with increase in impurity. In the 
branch curves, the number of intrinsic 
electrons and holes becomes small com­
pared with the numlx:r excited from im­
purity slates and the nsisti\·itv is de­
termined by the amount of impurity 
1,rescnt. The decrease in resistivity just 
beyond the branch point is nr,t associated 
wiLh a change in the number of excited 
im1,urity states, hut rather arises from a 

decn:ase in mobility resulting from the 
heat motion of the ions in the lattice. 
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.A. Photo tran sm ission in a thin silicon film 
as a fun c. ti o n of wave length 

B. Photo conducti v i ty in a th in silicon film 
as a function of w ave length 

This is a com plicated story and will not 
he discussed here . On going to still lower 
temperatures the impurity resistivity in­
creases and a n estimate of the energy 
gaps E, or E2 can be made from the slopes. 

Although sample A is the purest silicon 
we know how to prepare, eYen this ma­
terial must con tain some impurity, as de­
fined above. .-\t roo111 temperature the 
addition of three boron atoms for each 
10,000 a toms of silicon in sample D re­
duced the resisti\·ity by a fac tor of 500 as 
compared wilh sample .1. This indicates 
that .-1 is pure t o about one atom in fiye 
million so far as conductivity is concerned. 
If absolutely pure silicon, which followed 
the intrinsic line to room temperature, 
could be obtained its resistance would he 
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SEMI 
CONDUCTOR 
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Figure 7 . Schematic circuit arrangement 
for the me•surement of thermoelectric power 

in semiconductors 

Sign conventions dre as shown 
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/ 
greater than that of sample D by a factor 
of 107 at room temperature. This would 
require impurity of less than one atom for 
each 1011 silicon atoms. 

Resistivity measurements such as those 
shown in Figure 4 have been made on 
other materials which have intrinsic 
characteristics. The values of the energy 
gap E in electron volts are shown in Table 
I. Diamond, of course, is an insulator at 
orwnary temperatures but it, like most 
other insulators, has a high negative tem­
perature coefficient of resistance and 
shows intrinsic characteristics at very 
high temperatures. 

The values of the energy gaps £1 and £2 
due to impurities can be deduced in like 
manner from measurements made at low 
temperatures. As these vary both with 
the Yariety and amount of impurity, no 
quantitative values will be given, al­
though in general they lie between 0.00 l 
and 0.3 eleclron volt. 

Photo Effect 

In addition lo an increase in conduc­
tivity with rise in temperature, many 
semiconductors show increased conduc­
tivity on exposure to light of the proper 
wave length. This arises from the fact 
that just as electrons can acquire enough 
energy thermally to excite them from the 
filled band to the conduction band, so 
they may acquire sufficient energy op-

Table I 

Material 
E in 

Electron Volts 

Diamond' ...........•............. , .. 7 
Boron• ........... , ....... , ........... 2 
Cuprou• oxide' (Cu,O) ....••... , ....... 1. 4 
Silicon ..............•.....••......... 1. 2 
Gtrmanium• .......................... 0. 76 

10 1 I/ 
/ 

I / 

10.0 
I/ , 

-f-
I 

10,·I 

Figure 9 (right) Loga­

rithm of the resistivity of 

two thermistor materials 

as a function of inverse 

absolute temperature 

2.0 

tically to produce the same result. The 
fundamental equation giving the energy of 
a quantum of light is 

he 
E= -

>,. 
(2) 

where Eis the energy in electron volts, h 
is Planck's constant (4.1 x10-15 electron 
volt per second), c is the velocity of light 
(3X 10 10 centimeters per second), and X 
is the wa,·e length of the optical radiation 
in centimeters .• The energy of a light 
quantum in electron volts according to 
equation 2 is 1.236 divided by the wa,·e 
length of the radiation expressed in mi­
crons (l micron =10-4 centimeter). The 
wave length of the sodium D line in the 
yellow part of the visible is 0.589 micron 
and the quantum energy is 2.1 electron 
volts, which is sufficient to excite electrons 
from the filled to the conduction band in 
germanium, silicon, cuprous oxide, and 
boron, but is insufficient to excite elec­
trons in diamond. Radiation of 1.5 
microns, situated in the infrared, has a 
quantum energy of 0.82 volt and cannot 
excite any of the semiconductors shown in 
Table I excepting germanium. By equa­
tion 2 only wave lengths shorter than 1.05 
microns have energy equal to or greater 
than the 1.2 electron volt energy gap in 
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intrinsic silicon. Light longer than this 
wave length should pass through silicon 
without absorption but shorter wave 
lengths should be absorbed and cause 
photoconductivity. Figure 5..-l is a plot 
of the ratio of the light transmitted to 
the light incident on a thin film of 
silicon as a function of the wave length X 
expressed in microns. At wa,·e lengths 
longer than 1.2 microns the transmission 
is about 67 per cent, the remainder being 
reflected. At some wave length between 
1.0 and 1.2 microns, absorption sets in and 
the transmission falls off with decrease in 
wave length. Figure 5B, which was ob­
tained by Tea19 and his collaborators, gives 
the ratio of the change in resistance to the 
dark resistance when light of constant 
energy per square centimeter but varying 
wave length falls on a film of high purity 
silicon. It is seen that the resisti\'ity is 
little alTected by long wave-length radia­
tion, but photoconductivity sets in around 
1.2 microns and increases sharply below 
1.0 microns. The decrease in photocon­
duction below 0.8 microns is not com­
pletely understood, but it is thought the 
large absorption in this wave-length region 
keeps the excited electrons near the surface 
where they recombine with the ions be­
fore producing photoconduction. 

1 



The gall Effect 

d -ental information about the fun a,.. . . . d 
echanism of conduction Ill se"'.11con uc-

m be obtained from studies of the 
1nr.; can . d h 

ffect In 1Si9 Hall1 d1sc0Yere t at 
Halle · 

ntial difference may be produced 
3 pole . . . 

~ a ~trit> of metal which 1s carrymg a 
acr~- - . . t" 

t b\' placing the stnp m a magne 1c curren . 
1 

. h 
field. Consider a rectangular p ate m t e 
plane Z=zero. \\ith edi:~s p~rallel to the 
,- d 1· axes as shO\m m Figure 6. If a 
., an fl 
current J from an external battery 0\~5 

in the X direction and the sample 1s 

I -d in n magnetic field H in the Z pa,, . I 
direction, a trans\·erse electric potentta 
r is produced between the terminals A 
and B. The magnitude of this potential 

in volts is given by the equation 

(3) 

where I is the current.in amperes, H the 
magnetic field in gausses, I th~ thickness 
of the sample in centimeters, and R the 
Hall coefficient inc entimeters cubed per 
coulomb. 

The Hall effect occurs because the mag­
netic field causes the electrons in the sam­
ple to t1avel in curved paths, thus charg­
ing up the sides of the conductor until a 
trans\'erse electric field e:xists of just the 
right magnitude to cancel the effect of the 
magnetic field and make the electrons 
tra\·el through the solid undeviated. Un­
der the conditions shown in the figure, the 
terminal A should be negath·e \\ith 
respect to terminal B. In many metals 
and semiconductors this is the case, but in 
others the sign is reversed. The so-called 
anomalous Hall effect (reversal of sign in 
some materials) was not understood until 
the ad\'ent of Wilson's band theory of 
solids and semiconductors. In the light 
of this theory, N'-type samples gin the 

correct sign since conduction is by free 
electrons in the upper band but P-type 
samples give the re\'erse sign as conduc­
tion is by holes (equiYalent to an electron 
with a positive charge) in the lower filled 

band. 
The number II of free electrons or holes 

per cubic centimeter in semiconductors 
can be deduced from Hall measurements 
bec2use the theory shows that 

(4) 

where R is the Hall constant in centi­
meters cubed per coulomb, e is the elec­
tronic charge (l.59X 10-1> ctJulomb), the 

minus sign is for electrons, and the plus 
sign for holes. Putting in the \·alues of 

the constants we find that n is equal to 
7.4Xl0-11 di\'ided by R. Hall measure­
ments on the silicon samples C and D of 

Figure 4 at room temperature gave R 
Ya)ues of +6.5 and +0.5 centimeter 
cubed per coulomb respectively, which 
indicates I.IX 1011 and 1.5 X 1019 holes 
per cubic centimeter. Although the im­
purity of sample C is unknown, that in 
sample D is 3 boron atoms for each l0,000 
silicon atoms. As there arc 5.2XI0" 
silicon atoms per cubic centimeter, this 
means that 1.i X 1019 atoms of boron are 
present in this sample and that each boron 
produces approximately one hole. 

The conducti\'ity <1 of an electtical con­

ductor is given by 

a=11tv (5) 

where II is the number of current carriers 
per cubic centimeter, e is their charge, 
and v their mobility in centimeters per 
second per \'Olt per centimeter. Combin­
ing equations 4 and 5 we see that the 
mobility of the holes or electrons in a 

semiconductor is 

SRu 
ri:: "a; 

=0.85R/p (6) 

The mobilities of the holes in silicon 
samples C and D at room temperature are, 
respectively, 55 and 33 centimeters per 
second per \'olt per centimeter. In in­
trinsic semiconductors where electrons 
and holes are both present at the same 

time, the Hall coefficient is2 

(7) 

where 111 is the electron density, 112 the 
hole density, and C the ratio of the elec­
tron mobility to the hole mobility. As 
C is generally greater than one, intrinsic 
semiconductors show the negative sign. 

The value of the mean free path of the 
current carriers is shown from the theory 

to be 

2X 10-1 R(2rmkT)'I, 
l a ------- rs, 

1rtp 

where I is the mean free path in centi­
meters, .If is the mass of the carrier 
(m =9X 10-11 grams for electrons and is 
assumed to be the same for holes), and 

the remainder of the constants are as pre­
viously defined. Substituting in these 
values we see that 

I= 3.5 XI o- "T'I• RI p (9 ) 

At room temperature the mean free paths 
of silicon samples C and D are, respec­
ti\·ely, 4X 10-1 and 2.3X 10-1 centimeter. 

These are approximately 10 times greater 
than the lattice constant of silicon which 
is 5.4X JO""'l centimeter. 
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The Thermoelectric Effect 

When a semiconductor is connected be­
tween two metal wires as shown in Fig­
ure 7, a thermoelectric voltage is produced 
when the junctions are at dilTerent tem­
peratures. The sign of the potential is de­
pendent on whether the semiconductor is 
N- or P-type, the polarity being as shown 
in the figure. Intrinsic semiconductors 
give the same sign as N-type. The ther­
moelectric power for some semiconductors 
may be as high as one millivolt per de­
gree centigrade , which is greater than that 
obtained from most metal thermo-junc­
tions by a factor of 200. For pure hole or 
pure electron conduction the magnitude 
of the thermoelectric power Qin volts per 
degree centigrade difference in tempera­
ture between the junctions is10 

log, 2(2.-mk)½] ,., (10) 

Putting in the appropriate values for the 
constants we see that 

Q=6.3XI0-•-8.6><I0- • !og, RT'I• (11) 

Reference to the original paper should be 
made for a treatment of simultaneous elec­
tron and hole conduction . 10 Experi­
mental determinations of the thermo­
electric powers in silicon samples C and D 
at room temperature gave 0.92 and 0.44 
millivolt per degree centigrade , respec­

tively. 

Rectification 

When a metal point is placed against an 
impurity semiconductor as shown in 
Figure 8, the combination has a non­
linear current versus voltage character­
istic and acts as a rectifier . For a P -type 
sample the current is large when the semi­
conductor is made positive and the metal 

point is negative, but is small when these 
polarities are reversed . For an N-type 

sample the sign of the effect is reversed so 
that the current is large when the semi­
conductor is negative . The plot in Figure 

8 was obtained with a tungsten point 
pressed against si licon sample D which, 
according to the Hall measurements de­

scribed, is P -type . 
It is impractical within the scope of 

this paper to give a thorough exposition 
of rectifying action; however, the follow­

ing simplified description will convey some 
of the general fe a tures of the theory.11 

Electrons which are thermally excited 

from the filled band to the acceptor im­
purity levels produce positive holes in the 

filled band and charge the acceptor cen­

ters negatively . The positive holes in the 

contact area drift away, thus leaving next 

-
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to the metal a negatively charged barrier 
layer from 10-• to 10-◄ cen~imetcr. in 
thickness. This barrier layer 1s a regwn 
of high resistivity so that when an external 
voltage is applied between the metal point 
and the back electrode, almost the entire 
drop is across the layer. If the external 
voltage is poled to make the semiconduc­
tor negative, the barrier layer increases in 
thickness and the resistance goes up. If 
the semiconductor is made positive the 
barrie, layer becomes thinner and dis­
appears entirely for a sufficiently high 
applied vollage. This is the direction of 
low resistance and high current. The 
case of an .Y-t~·pe semiconductor in con­
tact with a metal is analogous. \\"hen 
electrons arc thermally excited from dona­
tor le\"l•ls to the conduction band, the 
<lonator lc\·els are left positively charged. 
Electrons are depicted from the boundary 
layer, leaving an excess of positively 
charged donators. A positi\·e external 
voltage applied to the semiconductor in­
creases the thickness of the barrier and a 
negative voltage decreases the thickness, 
thereby permitting a large flow of current. 

Thermistors 

Thermistors, or thermally sensitive 
resistors, are circuit clements made of 
semiconducting materials whose electrical 
resistances vary rapidly with tempera­
ture.1~ The se miconducting materials 
used in the construction of thermistors 
include sinte red mixtures of nickel oxide 
(KiO) , maugancse oxide (!vl.!12O3), and 
cobalt oxide (CozO3). Figure 9 is a plot of 
log p versus 1/ T for two compositions 
which have bee11 extensivelv used to date. 
Curve A is for a binary mixture of man­
ganese and nickel oxides and curve B is 

for a tc>rnar_v mixture ,.f 
nickel ancl cobalt oxides. 

manganese, 
These semi-

conducting materials arc u11ique in that 
small changes in their compo~ition and 
impurit~· content ha\·e relati\·ely little 
effect on their electrical characteristics. 
This is a particula.Iy useful property as it 
permits the large scale manufacture of a 
reproducible product. 

The specific resistances at room tem­
perature of the materials ,1 and B are 250 
and 2,000 ohm-centimeters respectively, 
and the corresponding values of E as cal­
culated by equation l are 0.68 and 0.60 
electron volts. It must be pointed oul, 
howe\·er, that the energy hand picture of 
solids is not applicable lo these thermistor 
materials as each of the ingredient oxides 
ha\·e partially filled conduction bands like 
the metals of. Figure 2D and therefore, 
according to the hand theory, should Le 
metallic conductors. This fundamental 
discrepancy was first pointed out by De­
Boer and Verwey. 13 .-\!though these 
authors ha\·e derived a theory di!Tercnl 
from that of Wilson lo explain the 
declrical properties of this class of ma ­
terials, it will not be discussed here. 

Conclusion 

The band theory of solids is capable of 
explaining such fundamental properties of 
electronic semiconductors as 

( 1) . The dependency of specific resistance 
on impurity content. 

(2). The negative temperature coefficient of 
resistance. 

(3) . The sign of the Hall and thermoelectric 
effects. 

(4). The direction of rectification. 
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Measurements of the specific resistance 
and the Hall constant enable one to calcu­
late the density, mobility, and mean free 
path of the electric carriers as a function of 
temperature and impurity. 
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The Theory of p-n Junctions in Semiconductors and p-n 
Junction Transistors 

By W. SHOCKLEY 

In a single crystal of sem!conductor th_e impurit):' cancentr3:ti(!n n~ay \:ary 
from p-type to 11-lype producing a mechanically contmuou_s rec~1fy11_1g Junction . 
The theory of potential distribution :ind rectification for P·!I Jun_ct10ns 1s dev_eloped 
with emphasis on gern:ianium. The cu~rents across the J_unctlon are carr:1ed by 
the diffusion of holes m 11-typ_e material and. electrons m. P-tr,pe maten3:l, re­
sulting in an adm\ttance for a_ simple case varym'1 as (1 + l<,JTp) _- wh~re ,,.P 1s the 
lifetime of a hole m the 11-reg10n. Contact potentJ~l~ ac~oss p-n Junctions! c11:rry­
ing no current, may develop when hole or el7ctron mJectJon occurs. The prmc1ples 
and theory of a p-11-p transistor are descnbed. 
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1. INTRODUCTION 

A S IS weli known, silicon and germanium may be either n-type or 
~ p-type semiconductors, depending on which of the concentrations 

Nd of donors or Na of acceptors, is the larger. If, in a single sample, there 
is a trans:tion from one type to the other, a rectifyir.g photosensitive p-n 
junction is formed. 1 The theory of such junctions is in contrast to those 

1 
For a_review of work on_silicon and germanium during the war see H . C. Torrev anci 

C. :\ Wh!lmer, Cry!tal R~tifiers, McGraw-Hill Book Company, Inc., New York (1948)·. 
P-n JU~Ctlons were !nves_ugat~d before _the war at Bell Teler,hone Laboratories by R . s. 
OhL \\ork on P-n Junctions m germanium has been published by the group at Purdue 
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of ordinary rectifying junctions because, on both sides of the junction, 
both electron flow and hole flow must be considered. In fact, a major 
portion of the hole current may persist into the n-type region and vice­
versa. In later sections we show how this feature has a number of inter­
esting consequences, which we shall describe briefly in this introduction. 

A p-n junction may act as an emitter in the transistor sense, since it can 
inject hole current into 11-type material. The a-c. impedance of a p-n junc­
tion may exhibit a frequency dependence characterized by this diffusion 
of holes and of electrons. For high frequencies the admittance varies ap­
proximately as (iw) 112 and has comparable real and imaginary parts. When 
a p-n junction makes contact to a piece of n-type material containing a high 
concentration of injected holes, it acts like a semipermeable membrane and 
tends to come to a potential which corresponds to the hole concentration. 

Although some results can be derived which are valid for all p-n junctions, 
the diversity of possible situations is so great and the solution of the equa­
tions so involved that it is necessary to illustrate them by using a number 
of special cases as examples. In general we shall consider cases in which the 
semiconductor may be classified into three parts, as shown in Fig. 1. The 
meaning of the transition region will become clearer in later sections; in 
general it extends far enough to either side of the point at which Nd - Na= 0 
so that the value of \ 1Vd - Na I at its boundaries is not much smaller than 
in the low resistance parts of the specimen. As stated above, appreciable 
hole currents may flow into the n-region beyond the transition region. For 
this reason, the rectification process is not restricted to the transition region 
alone. \Ve shall use the word junction to include all the material near the 
transition region in which significant contributions to the rectification 
process occur. It has been found that various techniques may be employed 
to make nonrectifying metallic contacts to the germanium; when this is 
properly done, the resistance measured between the metal terminals in a 
suitably proportioned specimen is due almost entirely to the rectifying 
junction up to current densities of 10-1 amp/ cm2. 

directed by K. Lark-Horovitz: S. Benzer, P/1ys. Reio. 72, 1267 (1947); M. Becker and 
H. Y. Fan , P!tys. Rev. 75, 1631 (1949); and H. Y. Fan, Phys. Rev. 75. 1631 (1949). Similar 
junctions occur in lead sulfide according to L. Sosnowski, J. Starkiewicz and 0. Simpson, 
Nature 159, 818 (1947), L. Sosnowski, P/1ys. Rev. 72, 641 (1947), and L. Sosnowski, B. 
\V. Soolc and J. Starkiewicz, Nature 160. 471 (1947) . The theory described here has been 
discussed in connection with photoelectric effects in p-n junctions liy F. S. Goucher, 
Meeting of the American Physical Society, Cleveland, l\farch 10--12, 1949 and by W. 
Shockley, G. L. Pearson and M. Sparks, Phys. Rev. 76, 180 (1949). For a general review 
of ccnductivity in p- and n-type silicon see G. L. Pearson and J. Bardeen, Phys. Rev. 75, 
865 (1949), and J. H. Sc:.a.ff, H. C. Theuerer and E. E. Schumacher, Jl. of Metals, 185, 
383 (1949) and \V. G. Pfann and J. H. Scafl, Jl. of Metals, 185, 389 (1949). The latter 
two papers also discuss photo-voltaic barriers. The most recent and thorough theory for 
frequency effects in metal semiconductor reel ifiers is given elsewhere in this issue (J. 
Bardeen, Bell Sys. Teel,. Jl., July 1949). 
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Even for distributions of impurities as simple as those shown in part (b) 
there are two distinctly different types of behavior of the electrostatic po­
tential in the transition region, each of which may be either rectifying or 
nonrectifying. The requirement that the junction be rectifying can be stated 
in terms of the current distribution, certain cases of which are shown in (c). 
The total current, from left to right, is/, the hole and electron currents being 

I Orp ____ ___;, _____ +~:111--------------, 

... 
z 
~t 
's I u 
w 
...J 
0 

TRANSITION 
REGION 

IO_---------'---'-~----_:;::..--~ 
Xa 0 

DISTANCE THROUGH SAMPLE, X-

. . . Fig. I-The p-11 junction. 
(a) S~h.emal1c view of specimen, showing non-rectifying ead contacts and convention 

for polarities of current and voltage. 
(b) Distributi~n of donors and acceptors. 
(c) Three possible current distributions. 

IP an~/•, with 1. = 1 P + In. Well away from the junction in the p-type 
~a~enal, subst~nt1ally all of the current is carried by holes and / P = J; 
s1m1larly, deep m the 11-type material / - / and / - o I 1 · 

• " - P - • n genera 111 a 
no~rect1fyin~ junction, the _hole current does not penetrate the n-typ~ ma-
terial appreciably whereas m the rectifying J·unction it does Und d' · . er some 
con 1t1ons the major flow across the junction will consist of holes; such 
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cases are advantageous as emitters in transistor applications using n-type 
material for the base. 

Where the hole current flows in relatively low resistance n-type material, 
it is governed by the diffusion equation and the concentration falls off as 
exp(-x/LP) where LP is the diffusion length: 

L = yDr1,. 

Here D is the diffusion constant for holes and rP their mean lifetime. The 
lifetime may be controlled either by surface recombination2 or volume re­
combination. Surface recombination is important if the specimen has a 
narrow cross-section. 

Under a-c. conditions, the diffusion current acquires a reactive component 
corresponding to a capacity. In addition, a capacitative current is required 
to produce the changing potential distribution in the transition region 
itself. 

In the following sections we shall consider the behavior of the junction 
analytically, treating first the potential distribution in the transition region 
and the charges required change the voltage across it in a pseudo-equilibrium 
case. We shall then consider d-c. rectification and a-c. admittance. 

2. POTENTIAL DISTRII3UTIOK AND CAPACITY OF TRAKSITION REGION 

2. 1 I 11/roduction and Defini11·ons 

We shall suppose in this treatment that all donors and acceptors are 
ionized (a good approximation for Ge at room temperature) so that we have 
to deal with four densities as follows: 

n = density of electrons in conduction band 

p = density of holes in valence-bond band 

Nc1 = density of donors 

!Ya = density of acceptors 

The total charge density is 

(2.1) 

where q is the electronic charge. We shall measure electrostatic potential 
y; in the crystal, as shown in Fig. 2, from such a point, approximate!/ mid­
way in the energy gap, that if the Fermi level ip is equal to i/;, the concentra­
tions of holes and electrons are equal to the concentration n; = pi char-

2 H. Suh! and W. Shockley Phys. Rev. 75 1617 (1949). 
3 A difference in effective masses for holes and electrons will cause a shift of ,J, from the 

midpoint between the bands. 
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Fig. 2-Electrostatic potential ,Jt, Fenni level 'I' and quasi Fermi levels ,Pp and 'l'n· 
(In order to show electrostatic potential and energies on the same ordina~es, the ener­

gies of holes, which are minus the energies of electrons, are plotted upwards m the figures 
in this paper.) 

acteristic of a pure sample. For an impurity semi-conductor we shall have, 
as shown in (b), 

P 
q(,p-f)/kT = n;e 

q(f-,p)/kT n = n;e , 

where q is the electronic charge. Accordingly, 

p = qi.Nd - Nu+ 2nj sinh [q(cp - ,J,)/ kT]}. 

(a) 

(b) 
(2.2) 

(2.3) 

When the hole and electron concentrations do not have their equilibrium 
values, because of hole or electron injection or production of hole-electron 
pairs by light, etc., it is advantageous to define two non-equilibrium quasi 
Fermi levels 'PP and 'Pn by the equations 

(a) 

(b) 
(2.4) 

as indicated in Fig. 2 (c). In terms of 'PP and 'Pn, the hole and electron cur­
rents take the simple forms: 

Ip= -q[DVp + µpVij,,] = -qµpVtpp (2.5) 

/,. = bq[DVn - µnV,J,] = - qbµn'vtp,. (2.6) 
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where the mobilityµ and diffusion constant D for holes are related by Ein­
stein's equation 

µ = qD/kT (2.7) 

and b is the ratio of electron mobility to hole mobility. 4 

Under equilibrium conditions cpp = 'Pn = cp where cp is independent of 
position. Under those conditions, IP and In are both zero according to equa­
tions (2.5) and (2.6). The electrostatic potential VI, however, will not in 
general be constant and there will be unbalanced charge densities throughout 
the semiconductor. We shall consider the nature of the conditions which 
determine VI for a general case and will later treat in detail the behavior of 
VI for p-n junctions. 

For equilibrium conditions, there is no ioss in generality in setting cp 

;:i.rbitrarily equal to zero. The charge density expression (2.3) may then be 
rewritten as 

p = Pd - p; sinh u (2 .8) 

where 

u = qif,/ kT, (2.9) 

In equation (2.8) Pd and u and, conseciuenliy, p may be functions of position. 
The potential if; must s:1tisfy roisson's equ:1tion \\"hich leads to the equation 

(2.10) 

\\"herC' K is the dielectric constant, (2.10) can be rewritten as 

2 41rqp; ( . h Pd) 
'vu= kTK s111 u - Pi . (2.11) 

What this equation requires in physical terms is that the electrostatic po­
tential produces through (2.8) just such a total charge density p that this 
charge density, when used in Poisson's Equation (2.10), in turn produces 
i/;. It seems intuitively evident that the equation for u will always have a 
physically meaningful solution; no matter how the charge density Pd due 
to the impurities varies with position, the holes and electrons should be 
able to distribute themselves so that equilibrium is produced. For a 
one-dimensional case, it is not difficult to prove that a unique solution exists 
for u(x) for any pd(x) (Appendix VII). 

4 We prefer bin comparison to c for this ratio since c for the speed of light also occurs in 
formulae involving b. 
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The coefficient in (2.11) has the dimensions of (length)- 2 leading us to 
define a quantity 

Lo= VKkT/41rqp; = VKkT/81r<f11; 

= 2.1 X 10-3 cm for Si with K = 12.5,5 
11, = 2 X 1010 cm- 3 

= 6.8 X 10- 5 cm for Ge with K = 19,6 
Ii i = 3 X 1013 cm- 3 

(2 .12) 

where the subscript D for Debye emphasizes the similarity of Lv to the char­
acteristic length in the Debye-Hiickel theory of strong electrolytes. The 
meaning of the Debye length is apparent from the behavior of the solution 
in a region where PJ is constant, and ri differs only slightly from the value 
110 which gives neutrality, with p; sinh 110 = Pd . Under these conditions, 

,2 

(J, 1' ( - 2 )( ) ---:i" = Lo cosh tto 1t - 1'o 
d1. 

(2.13) 

so that 1t - 110 varies as exp (± xv' cosh u0/ Lv). In general, we shall be in 
terested in cases in which the deviation of u from 110 decays to a small value 
in one direction. It is evident that the distance required to reduce the devia-

, tion to 1/e is Lu/~. If only small variations in Pd occur within a dis­
tance Lo/,/ cosh 1to, then the semiconductor will be substantially neutral. 
However, if a large variation of PJ occurs in this distance, a region of local 
space charge will occur. These two cases are illustrated in connection with 
the potential distribution in a p-11 junction. 

2.2 Potential Distribution in the Tra11silio1t Rcgio,i7 

We shall discuss the case shown in Fig. 1 for which the charge densi ty 
due to donors and acceptors is given by 

This relationship defines a characteristic length /,0 given by 

La = 11 ,/ a 

(2.14) 

(2.15) 

If L. »Lo, thecondit!on of electrical neutrality is iullilled (Appendix VII ) 
and u satisfies the equation , 

sinh u = PJ/p; = ax/2 11 ; = .1·_/ 2{_
0 

'J. F. '.\lu\laney, Phys. Rev. 66, 326 (1944). 
: H, B. ~n~s a_ncl ~V. H_. Brat(ai~, P~1ys. ~fr,.'., i5, li05 (1949). 

Polenua_l cl1stnbu11ons m rccufymg Juncllons between scrni·con,lucto ., I 
h , I cl cl 1. I . . rs anu meta s a~e ,ccn 1scusse uy many aut 1ors, tn pa rticular N. F. :\I oil f'r ,c R s 17 
27 (1939) and W. Schottky Zeils.f. Physik 113 367 (1939) 118 s3'9 (1'9 ;2) oy.d 0

1' · h IA, 
A . E r h rs h k ' I ' • .. an e SCI\' ere 
22 s~f-m(~~~;n, AJf is ho h c ~II ·y s papc~s i~ giv~n !>Y J. Joffe, Electrical Co111m1micalio11; 

, 1 • sue L eones arc in pnnc1ple s1m1lar in involving the sol r f 
tions like (2.11) . See, for example, H. Y. Fan, l'ltys . Rm 62, 3ss (l 942). u ton° equa-
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On the other hand, if Lv >> La, a large change in impurity concentration 
occurs near x = 0 without compensating electron and hole densities oc­
curring. Mathematically, we find that (2.11) can be expressed in the form 

d
2
u 1 ( . . ( ) 

d 2 = ~-2 -y + smh u) 2.16 
y l\. 

and 
y = x/ 2La, K = Lv/2La (2.17) 

In Appendix VII, it is verified that the appropriate solution for K << 1 is that 
giving local neutrality, u = sinh-1 

y; while for K >> 1, there is space charge 
as described below. 

For Lv >>La, or K >> 1, there is a space charge layer in which Nd - N 0 

is uncompensated. To a first approximation, we can neglect the electron and 
hole space charge in the layer and obtain, by integrating twice, 

3 
.,, 21rqax + 
"' = -~ a2 x, (2.18) 

where we have chosen the zero of potential as the value at x = 0, a condi­
tion required by the symmetry between +x and -x of (2.14). Although 
the potential rise is steep in the layer, di/,-/ dx should be small at the point 
Xm where the neutral n-type material begins. As an- approximation we set 
dv,-/ dx = 0 at x = Xm : 

dv,­
dx 

(2.19) 

this leads to a value for a2 which may be inserted in (2.18) to evaluate v,­
at Xm : 

(2.20) 

where nm = axm is the density of electrons required to neutralize l\Tc1 - l.Va = 
axm at the edge of the space-charge layer. This value of nm must corre­
spond to that associated with ¥Im by (2.2) 

q,J,mlkT (2 21) nm = 1Li e . . 

\Ve thus have two equations relating V/m and 11-m and the parameter "a." 
To solve them we plot In Yim versus In nm as shown in Fig. 3. On this figure the 
relationship 

3 

v,'m = 41rq nm 
--
3K a2 

3 

- 3.18 X 10-8 nm volts for Ge 
az 

3 

- 4.83 X 10-8 nm volts for Si (2.22) az 
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becomes a family of straight lines with "a" as a parameter. (Only a = 1016 

cm - 4 is shown for Si, all the other lines being for Ge.) The half thickness 
x ,,; (= nrn/ a) of the space-charge region is also shown. Solutions are obtained 
when these lines cross the curves nm = n; exp (q,J;m/ kT), which are shown 
for room temperature. The condition that the intersection lie well to the 
right on the curve is equivalent to K >> l. For two Si samples cut from a 
melt, a was determined from measurements of conductivity8 and was 
about 10

15 
to 10

16 
cm-4. For these, the space change region has a half-width 

Xrn of more than 10-4 
cm. For other temperatures, the curves can be ap­

propriately translated .9 

In Fig. 4(a) we show the limiting potential shapes: 

ax = 2n i sinh ~ for K « 1 (2.23) 

for K » 1 (2.24) 

In Fig. 4(b) the charge densities are shown. For the space-charge case 
\ Nd - Na! jg greater than n or p. For a higher potential rise, i.e. larger 
tfm , the discrepancy would be greater and Ni1 - Na would be unneutralized 
except near Xm • 

2.3 The Transition-Region Capacity 

When the voltage across the junction is changing, a flow of holes and 
electrons is required to alter the space charge in the transition region. ·we 
shall calculate the charge distribution in the transition region with the aid 
of a pseudo-equilibrium model in which the following processes are imagined 
to be prevented: (1 ) hole and electron recombination, (2) electron flow across 
the p-region contact at Xa (Fig. 1) , (3) hole flow across then-region boundary 
at :i·b . Under these conditions holes which flow in across :t·0 must remain in 
the specimen. If a potential o,p is applied at the p end, then holes will flow· 
into the specimen until <PP has increased by O<P so that the holes inside are 
in equilibrium with the contact which applies the potential. Since the speci­
men as a whole remains neutral , an equal electron flow will occur at Xb • 

When the specimen arrives at its pseudo-equilibrium steady-state, the 
potential distribution will be modiliecl in the transition region and the num­
ber of holes in this reg ion will be different from the number present under 
conditions of true thermal equilibrium. The added number of holes is pro­
portional to o<p for small values of or.p and thus acts like the charge on a con­
denser. Our problem in this section is to calculate ho\\' this charge depends 

8 Unpublished data of W. H. Brattain and G. L. Pearson . 
9 The effect of unionized donors and acceptors can also be included by letting 11, include 

the properly weighted donor sta tcs and p;, the acceptor states. 
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upon &p for various types of transition regions and to express the result as 

a capacity. . 
The justification for this pseudo-equilibrium treatment 1s ~s follows: 

Under actual a-c. conditions the potential drop in the p- and n-reg1ons them­
selves are small because of their high conductivity so that most of the po-
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tential drop occurs across the transition region. On the p-side of the transi­
tion region a large supply of holes is available to modify the potential and 
the fact that a current is flowing across the junction disturbs their concen­
tration negligibly; the electrons on the n-side are similarly situated. Hence 
the distribution of holes and electrons in the transition region will be much 
the same as for the pseudo-equilibrium case. The question of how the hole 
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current required to change the potential distribution in the transition region 
is related to other hole currents is discussed in Section 4.1. 

Under our assumptions, after the voltage ocp is applied, a steady state is 
reached involving no current hence "vcpp = "vcpn = 0. Consequently, both 
cpP and 'Pn are constant and 

'Pp - 'Pn = ocp (2.25) 

since the holes are being supplied from a source at a potential ocp higher than 
for the electrons. 

We shall then have 

p= 

where 

'Pl = (cpp + 'Pn)/2, !pp = 'Pl + Ocp/2, 'Pn = 'Pl - Ocp/2 

and 
qo,p/2kT n1 = n; e . 

(2.26) 

(2.27) 

(2.28) 

(2.29) 

Thus the effect of applying the potential Otp in the pseudo-equilibrium case 
is equivalent to changing n i to n1 just as if the energy gap had been reduced 
by qocp. 

In the p-region, n « p and so that p = -ax is a good approximation. 
Similarly, in then-region, we set n = ax. Hence we have in the p-region 

yt = <{)l + (Otp/ 2) (kT/ q) ln (-ax/ ni) (2.30) 

and in the n-region 

i/t = <,01 - (ocp/ 2) + (kT/q) In (ax/ni), (2.31) 

Hence the effect of Otp is to shift y; in the p-region upwards by ocp compared 
to y; in the n-region. This is an example of the general result that y; - <PP 

tends to remain constant at a given point in the p-region no matter what dis­
turbances occur and y; - 'Pn tends to remain constant in the n-region. 

The Capacity for the Neutral Case K « 1 

For the neutral case, we calculate the total number of holes, P, between 
Xa and :rb as a function of 8cp. The clnrge of these holes is qP and the effective 
capacity is q dP / d Otp. As explained above, we are really interested in the 
change in number of holes in the transition region. However, the value of P 
is relatively insensitive to the location of the limits .r0 and Xb so long as they 
lie in regions where the conductivity approaches the maximum values in the 
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;- and n-regions. In the following calculations, we shall consider a unit area 
of the junction so that values of P and of capacity are on a unit area bases. 

The value of P is obtained by integrating p dx making use of the neu­
trality condition to establish the functional relationship between P and x. 
The neutrality condition can be written as 

· I q(y; - \Oi) 2 ·n1 ax = 2111 Sill 1 =-----=-=- = lt1 SI 1 7t . . kT 

where tt = q(y; - <Pi)/kT and 

p = 1l1 e9 C,;,1-'{lllkr !!! 1l1 e - u 

+u n = 111 e 

(2.32) 

(2.33) 

(2.34) 

so that the value of P can be obtained by changing variables from x to u: 

For the cases of practical interest, the value of p at x = :ra , denoted by 
Pa, and the value of n at x = X1>, denoted by 1Z1>, will both be large compared 
to 11i • Consequently, we conclude that 

11a = -ln(pa/111) and 111> = ln nb/n1 

are both larger than unity in absolute value but probably less than twenty 
for a reasonable variation of impurity between :t·a and Xb. (For example for 
a change in potential of 0.2 volts such as would occur between p- and n-type 
germanium, Ila and 111> would each be about 4 in magnitude.) Hence we ob­
tain for P, 

P = (11i/2a)(2(1t1> - tta) + (p0 /n1)2 - (ni/n6)2) 

'.::::'. p!/2a + (ni/a)(111> - u.) (2.36) 

where we have neglected (11,/111>)
2 

which is «1 and the negligible compared 
to flt - 11 •• The term p!/2a is simply the integrated acceptor-minus-donor 
density in the p-region, as may be seen as follows: 

(2.37) 

The second term in (2.36) is essentially the sum of the holes to the right 
of x = 0 plus the electrons to the left of x = 0, whose charge is also co-m-
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pensated by holes. The total number of holes can be expressed in terms of 
ocp through the dependence of n1 on ocp. The second term is thus 

(ni/a)[ln(nb/n1) + In (Pa/n1)] 

(2.38) 

Hence for a small change docp in ocp, the change in charge dQ = q dP and the 
capacity C are given by 

C = ~Q = kqT
2 

n~ (ln(nbpa/n~) - (q8cp/kT) - 1]. (2.39) 
aocp a 

This capacity can be reexpressed in terms of the difference in ,/; between 
Xa and Xb : When ocp 0, corresponding to the thermal equilibrium case, 
we have 

Using this together with the definitions of Lo and La we obtai!1 

n.[q(1/;b - i/;a - /'Jcp)/kT - 1} eq6
"'/kT 

C = 2 
41r(2Lv/ La) 

ln this expression i/;a and lfb are the potentials when 8cp = O; so that 

(2.40) 

(2.-H) 

is thus the increase in potential in going from Xa to xb when 8cp is applied. 
For thermal equilibrium, ocp = 0 and, as discussed above, the term in 

lfb - lfa will be about 10. Hence, using the definition K = Lo/ 2La , we have 

C ,..__, K/ 41r(4KLv/10) (2.42) 

For K « l, the case for \vhich this formula is valid, C will be the capacity 
of a condenser whose dielectric layer is much less than Lo thick. 

Capacity for Space Charge Case, K » 1 

As discussed in connection with (2.30) and (2.31), the applied potentiJ.l 
5cp reduces the increase ( = 21/;m) in t/; betwee1i the p-region and the n-region 
by 8cp/ 2 on each side of x = 0. This is accomplished by a narrowing of the 
space charge layer by 8xm on each side where (according to (2.20)) 

(2.43) 

The decrease in width 8xm brings with it an increase in number of holes 
-ax 8x,,. per unit area of the _junction on the p-side and an equal number of 
electrons on then-side. Thus a clnrge of holes per unit area of 8Q = -qa:r,,.cixm 
must flow in from the left. The capacity per unit area is, therefore, 

C = oQ/8cp = qax,,,8xm/ 8cp = n./--l7r2.r,,. (2.4-l) 
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corresponding to a condenser of thickness 2xm. It is evident that formula 
(2.44) will hold for a small change d&p superimposed on a large bias orp pro­
Yided that 2xm is the thickness of the space charge region under the condi­
tions when &p is applied. If Y,mo is the value of If for ocp = 0, then Vim = 

t/J,,,,o - &;/2; and C will vary as 

C = 1.[411'qa/31.(t/Jmo - ocp/2)]113/871' (2.45) 

so that 1/C3 should plot as a straight line Yer ms ocp with slope 
2 

3 . 19271' 
(81r/1d (3~/8,r 11,aJ = - -

2
- • 

' ' 
1 K qa (2.46) 

In addition to the holes which flow to account for the change in Vim , the 
concentration of holes in the n-region will be increased by a factor 
exp(qo.p/ kT). However, this increase does not lie in the transition region; 
we shall consider it later, in Section 4, in connection with a-c. admittance. 

Comparison uf lite Two Capacities 

It is instructive to compare the two capacities just derived. We suppose 
that for one value of 11i we have K » 1 so that the space charge solution is 
good. For this case we choose· Xa = - Xm and Xb = + Xm so as to bound the 
space charge layer. \\'e then imagine ii; to be increased, either by raising 
the temperature or by applying a potential difference ocp. The capacity then 
changes from 

(2.47) 

(i.e., from (2.44) to (2.42)) so that the ratio is 

(2.48) 

For K < 1, this ratio is large, both because of Kin the denominator and 
because Xm > La so that Xm/ Lo > Lal Lo = 1/2 K. 

In Section 4.4 we shall compare these capacities with that due to diffusion 
of holes and electrons beyond the transition region. 

2.4 Tlte Abrnpt Transition 

For ~ompleteness we shall consider the case in which the impurity con­
cent~at~on changes abruptly from ~P to lln at x = 0. F0r this case the po­
tential m the space-charge layer WIii be of the parabolic type discussed by 
Schottky, the potentials varying as 

If = (21r/ K)q P1h - xp)2 + constant, x < O 
,J, =, -(21r/ K}q nn(x - x.,.)2 + constant, x > O 
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where xP < 0 and Xn > 0 are the ends of the space-charge layer in the p­
and n-regions. The gradient of potential at x = 0 must be equal for the two 
layers leading to 

so that if the total width of the space charge layers is W = Xn 

follows that 

Xp = -nnW / (nn + pp) and Xn = ppW /(nn + pp)­

The potential difference across the layer, which is V'b - Via is 

V/b - Via = (21rq/ K) (ppx; + nnx;,) = [21rq p,,n n/ K(p,, + nn) }W2 

If PP » nn this reduces to 

V/b - Via = hq nnW
2
/ K 

(2.51) 

Xp, it 

(2.52) 

(2.53) 

(2.54) 

the formula given by Schottky, which should be appreciable in this case, 
for which all the voltage drop occurs in the n-region. 

The capacity for the abrupt transition will be 

(2.55) 

where W is obtained by solving (2.53). For this case (1 / C) 2 should plot as a 
straight line versus V/b - Via : 

(2.56) 

3. GENERAL CONCLUSIONS CONCERNING THE JUNCTION CHARACTERISTIC 

In this section we shall consider direct current flow through the junction 
and shall derive the results quoted in Fig. 1 re!J.ting the current distribution 
to the characteristics of the junction. vVe shall suppose that holes and elec­
trons are thermally generated in pairs at a rate g and recombine at a rate 
mp so that the net rate of generation per unit volume is 

(net rate of generation) = g - rnp, 

which vanishes at equilibrum. Obviously, g = rn~. If relatively small con­
centrations op and on of holes and electrons are present in excess of the 
equilibrium values, the net rate of generation is 

op = oii = g - r(n + on)(p + op) = -mop - rpon (3.1) 

This is equivalent to saying that excess holes in an u-type semiconductor, 
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and excess electrons in a p-type semiconductor, respectively, have lifetimes 

Tp and Tn given by 

op= -op/rp = -mop Or Tp = 1/nz - p/g (J .2) 

and 
(3 .3) 

\\'e shall have occasion to use this interpretation later. (We later consider 
the modifications required when surface recombination occurs, Section 4.2, 
Appendix V, and the effect of a localized region of high recombination rate, 

Section 4.6, Appendix III.) 
In principle, the steady-state solution can be obtained in terms of the 

three potentials "1, rp,. and 'Pn . These must satisfy three simultaneous or­
dinary differential equations, which we shall derive. As discussed in Section 
2, we consider all donors and acceptors to be ionized so that Poisson's equa-

tion becomes 

'"' 4,rq ( + q(<pp-,/,l/k1" q(,j,-,pft)/kT\ - = -- ax n;e - n,- e J dr K 

(3.4) 

an equation in which the unknowns are the three functions <{)p, <{) n and if;. 
The total current density, from left to right, is 

(3.5) 

The elimination of p and ,z by equation (2.4) results in an equation in­
volving the three unknown functions and/. The divergence of hole current, 
equal to the net rate of generation of holes, is 

dlp = - qµ.p ! J_ (drp11)

2 

_ j_ dy, d'P11 ..1. d2 'P"] 
dx LkT dx kT dx dx 

I 
d'J..!J. _ (3 .6) 

= q(g - mp) = qg(l - l 1.,,p-.,,,.l/kT), 

with P in the second term given by (2.4) so that (3.6) is also an equation 
for the three unknown functions. The equation for di .jdx can be derived 
from the last two and adds nothing new. These three equations can be used 
to solve for 1"1/di, rf 'Pp/d.-l and drpn/dx in terms of lower derivatives and/. 
T_hey thus consti~ute a set o~ equations sufficient to solve the problem pro­
vided that physically meaningful boundary conditions are imposed. We 
shall not, however, deal directly with these equations · the main rea f 
d 

· · h , son or 
envmg t em was to show that the problem in question is, in principle, 

completely formulated. Instead of attemptin11 to solve the e t · . . ,, qua ions, we 
shall discuss certain general features of the solutions for a d · 

'{)p n <{)n' usmg 
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approximate methods, and m this way bring oul the essential features of 
the theory of rectification. 
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Fig. 5-Potential and current distributions for forward current in p-n junctions. 
(a) P-n junction under equilibrium conditions. 
(b) Di vision of current bet ween holes and electrons. 
(c) Distribution of potentials for forward current flow showing how the potential O'() 

applied at Xa changes '{)p, '()n and if, . 

In Fig. 5 we represent a general situation which may be used to illustrate 
the nature of the resistance of the junction. Part (a) corresponds to thermal 
equilibrium and shows the potential distribution and Fermi level in ac-

- 43 -



cordance with the scheme used in Fig. 2. Part (b) shows the current dis­
tribution for a forward current I from left to right and (c) shows 
the corresponding potential distribution and values of 'Pn and cp,,, , the total 
applied potential being &p. Recombination prevents the hole current from 
penetrating far into the n-region, the depth of penetration being described 
by the diffusion length L,,, = y[Jr,,, = VDPn/g, where Pn is the hole con­
centration in the n-region. The electron current similarly is limited by 
Ln = VbDrn = ·\/bDn,,,/g. (Diffusion lengths are evaluated for particular 
models of the junction in Section 4.) Far from the junction, therefore, the 
hole and electron concentrations have their normal values and consequently 
'Pp = <Pn and rp,,, - Y' has its normal value. This accounts for the equal dis­
placement &p for all three curves at x = :i:0 • The curves for cp,,, and 'Pn have 
a continuous downward trend which produces the currents 

dcpp b dcpn I,,, = -qµp -d and / n = -q µn - . 
. x dx 

(3.7) 

The area between the ,Pp and 'fin curves has a special significance: This differ­
ence is related to the excess rate of recombination and the integral of this 
rate over the entire specimen must be sufficient to absorb the hole current 
IP = I entering at Xo so that the entire current at Xb is carried by electrons. 
In terms of 'PP - 'Pn and equation (3.6) we obtain 

(3.8) 

from (3.8) we conclude that if g is increased indefinitely for a specified 
current I, then ,Pp - 'Pn must approach zero. For this case, in which the 
rate of recombination and generation is very high, ,Pp = 'Pn and 

(3.9) 
and 

rrb rrb 

6,p = - / d,pp = I i dx/qµ(p + bn) :!! /R0 , 
.,Zo J Zo 

(3.10) 

whe~e. Ro is simply the integral of the local resistivity corresponding to 
dens1t1es P and n. For smaller values of g I docs not divide in the t · p • b 

10 ' ra 10 • n 
and ,Pp ¢ 'fin and 6,p > IR0 • 

We shall next give an approximate treatment for the case in h" h i: 

(] £ . . ) W IC utp J 

or Junction , the value of 'Pp - 'Pn at x = 0, is an appreciable fraction of 
10 A general proof that 6,p > I~ is given in Appendix I. 
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the total voltage drop. J:or this purpose we treat cpp - 'Pn as constant over a 
range of integration from x = -Ln to x = +LP obtaining 

f = gq(Ln + Lp) [/QO,PJ /kT) - 1] 
(3.11) 

where 

(3.12) 

is the current density corresponding to the total rate of generation of hole­
electron pairs in a volume Ln + Lp thick. vVe next consider O<()Rp + OC{)Rn 

shown in Fig. Sc, where, as the subscript R implies, these are thought of as 
resistive terms and are given by the integrals 

fO ["'b (0 f "'b 
OC()Rp + OC{)Rn = - I dcpp -

1 
dcpn = Ip dx/ qJ.LP + In dx/ qµbn. 

Jxa uO Jxa Jo 

The denominators are both approximately qµ(p + bn) which occurs in the 
integral for Ro . Furthermore, for most of the first range IP = I and for 
most of the second In = I. Near x = 0, IP or In must be at least 1/2. Hence 
it is evident that ocp Rp + oip Rn cannot be much less than I Ro . We shall repre­
sent it by IR1 where Ro < 2R1 < 2Ro. 

In terms of R1 and I, , the relationship between current and voltage 
becomes 

ocp = OC()Rp + O<pRn + OcpJ = R1 I + k; In ( 1 + f). (3.13) 

This corresponds to an ideal rectifier in series with a resistance R1 . The 
junction will, therefore, be a good rectifier if the second term represents a 
much higher resistance. 

We shall compare the two resistances for the case corresponding to K << 1. 
For this case, we have p = -ax and n = +ax except in the narrow range 
Ix I < La = n J a. The integral Ro can be approximated by integrating 
dx/ <5 for x outside of the range ±La using the approximation ±ax for 
p and n and approximating the integral from - La to + La by 2La/ <5 (in­
trinsic). This procedure gives 

f
-x 0 2La r Xb 

R1 = dx/qµax + ( + b) + I dx/ qµbax 
La qµn; 1 J La 

= La (1 + _bl) ln (xb/ La) 
qµn; 

(3.14) 

where it is supposed that -:\·a == Xb and that ln (xb/ La) is large compared to 
2/(b + 2 + 1/ b). The evaluation of LP and Ln for use in I, is more involved 
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since Tp and rn are both functions of .r. We shall obtain an approximate self­
consistent diffusion length by assuming that the holes diffuse, on the average, 
to just such a depth, Lp, that in uniform material of the type found at 
4 their diffusion length would also be LP . At a depth LP, the value of 
11 is' alp so that by (3.2), rp is 1/ raLP = nUgaLp . Thus we write 

(3.15) 

We can solve the equation (3.15) for LP and a similar one for Ln and in~ert 
the results in equation (3.13) . For small I this gives 

oi;/1 = R1 + (kT/ql,) = ~ - (1 +b -
1
) In (,...,,;LG) 

qµ11, ' (3.16) 

+ kT /(q2 g2i3(DLa n;) 113(1 + b113
) ). 

It is seen that for g large, the second term, corresponding to the rectifying 
resistance, becomes small. For this case, as discussed above, 'PP = 'Pn and 
the exact integral for Ro should be used and the junction will give po_or 
rectification. 

It is also instructive to consider La as a variable. Increasing La corre­
sponds to making the transition from p to n more gradual. It is evident 
that varying LG changes the two terms of (3.16) in opposite directions so 
that there will be an intermediate value of La for which the resistance of 
the junction is a minimum. As La approaches zero, however, the second 
term should be modified: If we imagine that in the transition region the 
concentration (Nd - N,.) varies only over a finite range, bounded by fixed 
values 11. and PP in the n- and p-regions, then it is clear that the limiting 
values of Lpand L. should be given not by (3.15) but by~ and -VbDrn 
where rp and r. are evaluated in then-region and p-region. This leads to a 
limiting value for I,, which is given in equation (4.11) of the following 
section. In the range for which (3.16) applies, however, the interesting 
resuJt holds that widening the transition region initially decreases the re­
sistance by furnishing a larger volume in which holes and electrons may com­
bine or be generated. 

The condition that or;, 1 dominate the resistance is that the second term 
of (3.16) be much larger than the first. This leads to the inequality 

1 « kT . qµn; - (D ·/ • 2, 213 - ( ) ◄ 13 
q2 g213(DLa ll;)l/3 La - n, gLa) - Lp;/ La (3.17) 

where we have ne~lected various factors involving b, which are nearly unity, 
~nd ln(xb/ La) (w~1ch mus~ be_ a~out 4 for Ge since the conductivity at Xb 

JS about exp(4) tunes the mtrms1c conductivity) . The quantity 

Lp; = (Dn ;/g)112 (3.18) 
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is the diffusion length for holes in the intrinsic region. The inequality states 
that the diffusion length must be much larger than La. This is equivalent 
to the previous statement that the hole current must penetrate then-region 
for the rectifier to have a good characteristic. (If a local region of high re­
combination is present in the transition region, this result just quoted need 
not apply. See Section 4.6.) 

If the hole current penetrates deeply into then-region and R 1 is negligible, 
then we can conclude that the current-voltage char-:i.cteristic will fit the 
ideal formula. For these assumptions ocp 11 p on Fig. 5 will be small and the 
principal change in cpP will occur relatively deep in the n-region, at least 
beyond the transition region. So long as the hole concentration introduced 
in the n-region is much smaller than nn, the hole current into the n-region 
will be a linear function of the value of p at the right edge of the transition 
region, being zero when p equals Pn , the equilibrium value of p. This 
leads at once to a hole current proportional to p - Pn and since the shift 
of <Pp in respect to If' at the edge of transition region is ocp, p - Pn is 
equal to Pn(exp(aocp/kT)-1). (These ideas arc discussed in detail in Sec­
tion 4.) A similar relationship will hold for electrons entering the p-region; 
hence the total curre:1t will vary as exp(qocp/ kT)-1. This is a theoretical 
rectification formula 11 giving the maximum rectilication for carriers 
of charge q. 

4. TREAT~lE:-ST OF PARTICULAR MODELS 

4.1 Introduction aHd Assumptions 

In this section we shall deal chiefly with good rectifiers so that the IR 
drop, discussed in connectio!l with R1 in Section 3, is negligible. We shall 
deal chiefly with the case for which the transition region is narrow com­
pared to the diffusion length; consequently, there is little change in IP in 
traversing the transition region. In fig. 6(a) we consider a hypothetical 
_junction in which the properties are uniform outside the transitic,n region. 
The division of the specimen into three parts as shown is seen to be reason­
able for germanium: In n-type germanium, the diffusion constant for holes 
is about 40 cn// scc and the lifetime is greater than 10- 6 sec so that the 
diffusion distance is LP = ..../Drp > 6 X 10-3 cm. This is much greater than 
most transition regions. 

The major drop in cpp must occur to the right of the transition region. This 
follows from our assumptions: First, we may neglect the IR drop in the 
p-region; hence cpp is substantially constant from x = :1·a to x = X1·p. Second, 
the decrease in cpp is much less in the transition region than in the n-region; 
this follows from two considerations: the resistance for hole flow is lower in 

11 C. Wagner, Phys. Zeits. 32, 641-645 (1931). 
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. . e ion than in then-region; the effective length of flow in the 
the t~ans1~10_n r f is greater than the width of the transition region. Con-
u-reg1on, emg P? . I rn in fig 6(c) is seen to be reasonable. 
sequently, t~e va~1at1on olf 'PP s 10\ A is sho~vn in Fig. 6(c), the application 
Similar cons1derat10ns app Y to ,p. · s . • the n-recrion The 
of &{J does not alter ,Pp - Y' in the p-reg1011 nor ,Pn - Y1 m o . 
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Fig. 6-Simplificd model of a p-n junction. 
(a) Distn"bution of donors and acceptors. 
(b) Potentials for thermal equilibrium. 
(c) Effect of 6'{' applied potential in forward direction. 

(a) 

(b) 

reason, as rliscussed in connection with (2.31), is that in these regions elec­
trical neutrality requires an essentially constant value for the more .abundan I 
carrier. Hence the relationships between the cp's and i/t follow from (2.4) . 

The nature of the potential distribution in the transition region has no 
effect in the considerations just discussed. However, as shown in Section 2. 
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the capacity of the transition region, which we shall denote by Cr in this 
section, does depend on the nature of the transition region and, consequently, 
on the value of K. 

If the sizes of the p-region and n-region are large compared to the diffusion 
lengths, we may assume the current at Xa to be substantially IP only and 
that at Xb, In only. The total current entering at Xa can be accounted for 
as doing three things: (1) neutralizing the electron current flowing into the 
p-region across xrp , (2) contributing to the charge in the transition region 
(this corresponds to the capacity discussed in Section 2) and (3) contributing 
a current flow to the right across Xrn . 

We have selected the hole current for analysis because the hole has a 
positive charge and the connection between the algebra and the physical 
picture is simplified. For the SJ.me reason, the text emphasizes forward 
current, although the equations are equally applicable to reverse currents. 
Nothing essential is left out by this process; since the sample as a whole 
remains uncharged, the current I is the same for all values of x and if IP is 
known, then In = I - IP is also determined. 

4.2 Solution fur Hole Flow into the n-region 

We shall calculate first the hole current I p(Xr n) flowing across Xrn. It is 
readily evaluated as follows: The value of p (xrn) is given by 

P 
70,p/kT 

ne 
(4.1) 

where Pn is the hole concentration in the n-region for thermal equilibrium. 
If we apply a small a-c. signal superimposed on a d-c . bias so that 

(4.2) 

where v1 is an a-c. signal, assumed so small that linear theory may be em­
ployed (i.e. i 11 << kT / q), then 

p(xrn) = (Pn lvo/kt) (1 + (qvi/ kT) /wt). 

We resolve this density into a d-c. component Po and an a-c. component Pi 
iwt 

e 

where 

Po = Pn(eqvo/kT -1) 

P1 = (qpn vi/ kT)l"olkT, 

(4.3) 

(4.4) 

(4.5) 

So long as p(xrn) << nn , the normal concentration of electrons in the 
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n-region, the lifetime rp and diffusion constant D for a hole wi~I be sub­
stantiaUy unaltered by 8cp. Application of the hole-current equation to the 
hole density p(x, I) gives 

Ip= -qDaap_ 
X 

(4.6) 

Combining this with the recombination equation 
2 

ap = Pn - p _ ! alp = Pn - P + D r}_J__ 
i)f Tp q iJX Tp ax2 

(4.7) 

leads to the solution 

(4.8) 

The quantity VDrp is the diffusion length and is denoted by Lp, (We shall 
use subscript p for holes in the 11-region and n for electrons in the p-region 
for both L and r.) 

When p is large compared to Pn, but small compared to nn, the ex­
pression for p leads to the following formula for t,op : 

_ + _ (kT/ )(. _ . )/L + .. iw l-(z-rrnl ((J+ iwrp) 1/2- I J/Lp 
,Pp - l{Jn Ve q X Xrn p t,e . (4.9) 

This shows that the d-c. part of 'Pp varies linearly in the n-region, for large 
forward currents, and decreases by (kT / q) in each diffusion length LP . 
The transition from this linear dependence to an exponential decay for cpP 

comes when 'Pp - 'Pn = (kT/q). This beh1vior of the d-c. part of cpp is usefu! 
in connection with diagrams of 'Pv versus distance. (See Sections 5 and 6. ) 

The solution just obtained for p gives rise to a current at Xrn of 

( ) - ap Ip Xrn - -qD­
i)x 

= qpo D/ LP + qp1 De'"" (1 + iwr p) 112 /LP. 

The d-c. part is calculated by substituting (4.4) for p0 : 

I p-0(Xrn) = (qpn D/ Lp) (l"olkT - 1) ; 

= I ( q•0ikT l) - P• e -

and the a-c. part is similarly obtained from ( 4.5) for p
1 

: 

I pl (Xrn) = (qpn µ/ Lp) [/q•olkT)] ( 1 + iwr P) 1/2 Vi e iw1 

- (G + ·s ) iwl A iwl = P 1 P Vi e = P v1 e 

(4.10) 

(4.11) 

(4.12) 

wher~ A~ ~s called the a~mit~ance (per unit area) for holes diffusing into the 
n-reg1on, its real and Imagmary parts are the conductance and suscept-
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ance. For wrp small, the real term GP is simply conductance per cm2 

of a layer LP cm thick with hole conduction corresponding to the density 
Pn + p0 ; it is also the differential conductance obtained by differentiating 
( 4.11) in respect to ·vo • For the case of zero bias this establishes the result 
quoted in Section 1 that the voltage drop is due to hole flow in the n-region 
where the hole conductivity is low. 

In this section we have treated Tp as arising from body recombination. 
In a sample whose y and z dimensions are comp:irable to LP or Ln , surface 
recombination may play a dominant role. However, as we show in Appendix 
V, the theory given here may still apply provided appropriate values for 
Tp and Tn are used. 

4.3 D-C. Formulae 

The total direct hole current flowing in at Xa is / pO plus the current re­
quired to recombine with electrons in the p-region. This latter current is, of 
course, equal to the electron current flowing into the p-region. This electron 
current, denoted by I no or I no(x 1 µ), is obtained by the same procedure 
as that leading to (4.11) for I pO except that bD replaces D and the sub3cripts 
of L and r are now n. Combining the two currents leads to the total direct 
current: 

Io = I pO + I no = (qD) ( Pn + b11,P) (l"o/kT - 1) 
\LP Ln . 

(4.13) 

for the direct current per unit area for applied potential i•0 •
12 The algebraic 

signs are such that I > 0 corresponds to current from the p-region to the 
n-region in the specimen; -z:0 > 0 corresponds to a plus potential applied 
to the p-end. The ratio of hole current to electron current across the transi-
tion region is 

y1w;: 
yDrp 

(4.14) 

= PP ,1 ~ = • /up 
blln r PP V Un 

where we have used the relationships n11Pn = nPpP = n~ from (2.2) and 
rpn 11 = r 11 pP = 1/ r from (3.2) and (3.3). These results can be summarized 
by saying that the r.urrent flows principally into the material of higher re-

12 For convenience we repeat the definitions here: q ::: magnitude of electronic charge; 
D = diffusion constant for holes; Pn and n,. = thermal equilibrium value of P and 11, as­
sumed constant throughout n-region (x > Xrn); 11p and PP = similar values for x < Xrp; 
Lp !!!!:! diffusion length = v' Drp for holes in 11-region; Tp = lifetime of hole in n-region be­
fore recombination; b = electron mobility/hole mobility; L,. and r,. similar in quantities 
for electrons in p-region; u,. = qµbn. and <Tp = qµ.pP are the conductivities of the two regions. 
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sistivity. We can also say that the hole current depends only on the 11-type 
material and vice versa. For a p-n junction emitter in a transistor with an 
n-type base, it is thus advantageous to use high conductivity p-type ma­
terial so as to suppress an unwanted electron current. 

For comparison with experiment, it is advantageous to express the values 
of p. and n,, in terms of the conductivities er" and er,,. If the conductivity of 
the intrinsic material is written as 

er;= qµn,(1 + b), 

then, if p. « n. and 11,, « PP, we find 

qµp. = ber;/(1 + b/er. 

qµbn,, = ber;/(1 + b/erp. 

(4.15) 

(4.16) 

( 4.17) 

Using these equations, we may rewrite (-Ul) anJ a corresponding equation 
for electron current into the p-region so as to express their depenJence on cl-c. 
bias l'o and the properties of the regions: 

I ( ) ber~ . kT r, 1/•olkT - 1) 
pO Vo = (1 + b)2 er n L,, q -

_ G kT ( q, 0/kT l) = ,,o- e -
q 

(4.18) 

= J ,,,(e9"o/kT - 1) 

] ( ) _ bu~ kT ( qvo/kT ) 
no Vo - (l + b )2 er P L. · q e - 1 

= G kT ( qv 0 /kT _ l) - no - e 
(4.19) 

q 

= i .,ce9•0/kT - 1). 

The values of GIA and G,.o (which are readily seen to be the values of the low­
frequency, low-voltage (1'o < kT/ q) conductances) and the saturation 
reverse currents arc given by 

G = ber~ = q 
p0 (1 + b)2u. Lp - kT I,,. 

G = ber~ =- q 
nO - (1 + b)2erpln - kT 1•• 

The expression for direct current then becomes 

fo(vo) = [Gp0 + G.ol e;) re9•olkT - 11 

= (I pl + 1.,)[rolkT - 1 I. 
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4.4 Total Admittance 

In order to calculate the alternating current, we must include the capacity 
of the transition region, discussed in Section 2. Denoting this by CT, we 
then find for the total alternating current. 

(4.23) 

where Gn and Sn are similar to GP and SP but apply to electron current into 
the p-region. The value of the hole and electron admittances can be ex­
pressed as 

A G + ·s (1 -t- . )1/2 G qvo/kT 
p = p 1 p 1WT p pO e 

A G + ·s (1 + . )l/2G QVo/kT n = n 1 n - 1WT n nO e 

(4.24) 

(4.25) 

For low frequencies, such that w is much less then 1/rv, we can expand 
GP + iSp as follows: 

G + ·s _ G QVo/kT + . ( /2)G qvo/kT 
P i P - pO e iw r v pO e (4.26) 

Hence (rp/2)Gp-0 trolkT behaves like a capacity. 
It is instructive to interpret this capacity for the case of zero bias, v0 = 0, 

for which we find: 

(4.27) 

The last formula, obtained by noting that rpµ = qrpD/ kT = qL:/kT, has 
a simple interpretation: qpnLp is the total charge of holes in a layer Lv thick. 
For a small change in voltage v, this density should change by a fraction 
qv/ kT so that the change in charge divided by the change in v is 
(q/ kT) (qpnLp) which differs from C P only by a factor of 2, which arises from 
the nature of the diffusion equation. 

This capacity can be compared with Cr neut., discussed in Section 2, (see 
equation (2.39) and text for (2.42)) for germanium at room temperature 
as follows: 

Cp q2 Pn Lv kTa 
Cr nc:. = 2kT . 10q2 n~ 

PnLva 
--2-· 

20n; 
(4.28) 

For a structure like Fig. 6(c), the excess of donors over acceptors reaches its 
maximum value, equal to 11-n , at Xrn leading to 1ln = axrn • Consequently 
a = 1ln/ Xrn • Substituting this value for a in (4.28) and noting that 

2 • 
Pnnn = ni gives 

Cr neut. 20Xrn 
(4.29) 

A!; discussed at the beginning of this section, LP - 6 X 10-3 cm for holes 
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· · Hence if the transition region is 6 X 10---4 cm thick, the m germamum. . . . . 
diff · ·1 C \\·ill dominate the capac1tat1ve term m the admittance. us10n capac1 y P 

Although AP simulates a conductance a_nd ~pacit_ance in parall_el at low 
frequencies, its high-frequency behavior 1s quite d1ff erent. In Fig. 7 the 
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Fig. i-Real, G, and imaginary, S, components of admittance for hole flow into n-region. 
(a) 103A /G1-0 = 103(1 + iwrp) 1'2 corresponding to uniform n-region. 
(b) l()l X Formula of Appendix III. corresponding to layer of high recombination 

rate in front of 11-region. This causes G to exceed Sat higher frequencies than for (a). 
(c) 10 X Equation (4.33), corresponding to a retarding field in ti)e n-region , with 

L. = Lp/-yTo. 
(d) Equation (4.33) with L. = Lp/10. 

behavior of (1 + iwrp)1
12 = AiGp0, is shown. For high frequencies GP and 

SP are equal: 

(4.30) 

Thus for high frequencies the admittance is independent of r P and is deter­
mined by the diffusion of holes in and out of then-region. The three strai~ht 
asymptotes have a common intersection at the point G 

O 
wr = 2 on fiCY- 7 

~ ' ,.... ) 

a fact which is useful in estimating the value of r from such data. -
For large w, S 11 varies as w

112 
as shown in ( 4.30) whereas Sr is wC r . Henr.e 
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at very high frequencies Cr will dominate the admittance. At very high fre­
quencies Cr itself will have a frequency dependence; however, for the as­
sumptions on which the treatment of this section is based, the relaxation 
time for the transition region Tr is much less than rp. This is a consequence 
of the fact that, although diffusion of holes into the transition region is 
required for the charging of Cr, the distance is relatively short, being in 
fact only that fraction of the width Xrn - Xrp of the transition region in 
which y; rises by kT/q; in germanium this will be about one-tenth of 
Xrn - Xrp. Since diffusion times vary as (distance) 2

, the ratio of the times is 

Tr 

Tp 

Hence if LP > Xrn - Xpn, Tr will be much less than Tp •
13 

4.5 Admittance Due to Hole Flow in a Retarding Field 

(4.31) 

In Appendix II we treat the case in which a potential gradient, due 
to changing concentration for example, is present in the n- and p-regions. 
This tends to prevent holes from diffusing deep in the n-region and for 
this reason the n-region acts partly like a storage tank for holes under a-c. 
conditions, thus enhancing SP compared to GP in AP . If the electric field is 
-dy;/ dx = kT/ qLr, where Lr is the distance required for an increase of kT/q 
of potential (i.e. a factor of e increase in nn), then the value of AP is 

(4.32) 

For wrv > 1, this admittance is largely reactive provided 2Lr/ LP is suffi­
ciently small. 

The dependence of AP upon w is shown in Fig. 7 for two va!ues of Lr/ Lv . 
The plot shows the real and imaginary parts of 

(4.33) 

for LP/ Lr = 10112 and LP/ L, = 10, the two curves being relatively displaced 
vertically by one decade. The second value implies that the field keeps the 
holes back so that they penetrate only / 0 their possible diffusion length in 
no field. It is seen that for this case the storage effect is very pronounced and 
the susceptrnce Sis much larger than G for high frequencies. 

The function (1 + iwTp)1
12

, · discussed earlier, corresponds to the limiting 
case of ( 4.32) for L, = oo. 

13 In Appendix IV an analytic treatment of Cr is given. 
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4.6 The Effect of a Regio11 of H igli Rate of Gweration 

There is evidence that imperfections, such as surfaces and cracks, add 
t · JI to the rate of generation and recombination of holes and elec-ma ena y . . · h · 

trons. If there is a localized region of high recombmat10n rate 1!1 t e transi-
tion region, there will be a pronounced modification of the adm1ttal)(~e char­
acteristics. In Fig. S(a) such a l~yer is represented at :r = 0. In Fig. 8(b) 
h I t f and ,n versus x is shown. If we neglect the effect t e customary p O O ,Pp rn • . 

of the series resistance terms denoted by R1 in Section 3, the change ocp Will 

~w-t 
u. c/) 

-...J 
c/lw 
<{ > 
:, w 
a-• 

__ Joy, 

(a) 

(b) 

(c) 

Fig. 8---Thc effect of a localized layer of high recombination rate on the junction 
characteristic. 

(a) Location of layer of high recombination rate. 
(b) Quasi Fermi levels. 
(c) Distribution of hole current showing rapid change at layer of high recombination 

rate. 

occur in the p-region for 'Pn and in the 11-region for 'PP. The hole current flow­
ing into the n-region will thus be the same as before and will be given by 
equation (-UJ) or (-l-.18) and denoted by lpo(otp). Similarly, the electron 
current will be I no(o,p). In the layer we shall suppose that there is a rate of 
generation of hole electron pairs equal toga per unit area of the layer and a 
rate of recombination proportional tor anp per unit area. We suppose, further­
more, that the layer is so thin that II and pare uniform throughout the layer. 
'nie net rate of generation is thus 

a - a 11 = Ka g r P [1 _ eq(,pp-,p0 )/kT] 
(4.34) 
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since for equilibrium conditions the rates balance so that ran~ - ga. The 
net hole current recombining in the layer per unit area is thus 

J r(cpp - cpn) = qga [eq(,pp-<Pn)/kT - 1] ( 4.35) 

There must, therefore, be a discontinuous decrease of hole current across 
the layer. The total hole current flowing in at x = x0 , which is also the total 
current I, thus does three things: for x < Xrp, it combines with I no(ocp) ; 
for Xrp < X < :xT n ' it combines with electrons at rate I r(ocp); for X > Xrn ' 

it flows into the 11-region in amount I ,.o(ocp). This leads to 

(4.36) 

In other words the layer of high recombination acts like a rectifier 
in parallel with I no(ocp) + I 1'0 (ocp). The frequency characteristic of I r(ocp ), 
however, will be independent of frequency and will contribute a pure con­
ductance to the admittance of the juncl ion. 

If the layer is considered to have finite width, however, it will exhibit 
frequency effects just as does IP in the n-region. In Appendix III, we treat 
a case in which the layer is a part of the 11-region itself but has a recombina­
tion time different from the main layer. If the time is shorter, a large amount 
of the hole current may recombine in this layer. For high frequencies, the 
current may not penetrate the layer, in which case the admittance for hole 
current is determined by the thin layer rather than by the whole n-type 
region. A case of this sort is shown in Fig. 7. In this case the thickness of the 
layer is ½ of its diffusion length and in it the lifetime of a hole r, is ½ the 
value rp in the main body of the u-region. The hole current will thus be 
restricted to this layer when the diffusion distance -yD/w is less than the 
layer thickness(½) -yDTt; this corresponds to wrt > 9 or wrµ > 81. The 
presence of the high rate of combination in the layer is evidenced by the 
tenclency·of C to be greater than Sat high frequencies. If the layer were 
infinitely thin, as discussed above, it would simply add a constant conduct­
ance to the admittance. 

4.7 Patch Effect in p-n Junctions 

If there are localized regions of high recombination rate, a "patch effect" 
may be produced in an n-p junction. As an extreme example, suppose the 
value of ga for the layer just considered is allowed to become very large; then 
the recombination resistance may become sm1ll compared to R1 in Section 3 
and the junction will become substantially ohmic. If the region of high 
rate of recombination is relatively small compared to the area of the rest 
of the junction, then the behavior of the junction as a whole may be re­
garded as being that due to two junctions in parallel. Over most of the area, 
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the currents will flow as if the patch were not present so that one compo­
nent of the current will be that due to the uniform junction. In addition 
there will be current due to recombination and generation in the patch. 
The series resistance to the patch will be relatively high due to the constric­
tion of the current paths. On the other hand, the value of /,(orp) associated 
with the patch may be very high. Hence the current due to the patch will 
be that of a low impedance ideal rectifier in series with a high resistance; 
and if the ratio of impedances is high enough, such a series combination 
amounts essentially to an ohmic leakage path. Thus patches in the p-n 
junction will tend to introduce leakage paths and destroy saturation in the 
reverse direction. 

An extreme example of a region of high rate of recombination would be a 
particle of metal making a non-rectifying contact to both p- and n-type 
germanium. Since holes and electrons are essentially instantly combined in a 
metal, the boundary condition at the metal surface would be equality of 
,p11 and 'Pn . This would mean that near the metal particle, l()p and u n could 
not differ by &p, the condition required, over some parts of the junction at 
least, in order for ideal rectification to occur. 

A common source of imperfection in p-n junctions arises from dirt or 
fragments on the surface which overlap the junction. Even if these do not 
actually constitute a short circuit across the junction, they may furnish 
patches of the sort discussed here and modify the junction characteristic. 

4.8 Fi11al Comme11ts 

Another possible cause for frequency effects may be found in the trapping 
of holes or electrons.14 When an added hole concentration is introduced into 
an ,i--region, a certain fraction of the holes wiJl be captured by acceptors and 
later re-emitted or else recombined with electrons while trapped. Investiga­
tion of this process is given in Appendix VI. One interesting result is that the 
trapping of holes in a uniform n-region cannot produce an effective suscep­
tance (i.e. iwC) in excess of the conductance, as can a retarding field. 

Finally it should be remarked that important and significant variations 
of the co_n~uct_ivity in the p- and n-regions may be produced by hole or 
electron mJect1on. Under these conditions, when the hole concentration 
approaches n", v,, - l()n will vary. Under these conditions R1 may be appreci­
ably altere~. These f~ctors _favor the p-n junction as a rectifier since they lead 
to a reduction of senes resistance under conditions of forward bias and tl 

d . lUS 
ten to unprove the rectification ratio. 

14 
Frequency dependent eqects in Cu20 rectifiers have been explained j th' b 

J. Bardeen and W. H. Brattain, personal communication. n 15 way Y 
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5. INTERNAL CONTACT POTE.s'TIALS 

The theory of p-n junctions presented above has interesting consequences 
when applied to the distribution of potential between two semiconductors 

(a) 

~I p-HPiff;: ~-TYPE ----1 

1¥:1 \~---~--I~ I 
a. P 1 O N1 

it 
C: C 0 er ...... ::, a. 
u-

~t 
I- C 
z 9-

HORIZONTAL DISTANCE THROUGH SAMPLE, x.--.. 
J2 

,......-A--., 

Ip 

n -TYPE p-TYPE 

w .. -- -
1- a. ---

~ 9- 0 L.------------'-----'----'--------;:: 
Nz 0 

VERTICAL DISTANCE THROUGH SAMPLE, y _.. 

( b) 

(c) 

(d) 

Fig. 9- Internal contact pctcntials showing how presence of injected holes produces a 
contact potential across .T2. 

under conditions of hole or electron injection. In Fig. 9 we illustrate an 
X-shaped structure. A forward current flows across the junction P 1 and 
out of branch Ni . If the distance across the intersection is comparable with 
or small compared to the diffusion length for holes, a potential difference 
should be measured between P2 and N2 . The reason for this is that holes 
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flow easily into P~ since the potential distribution there favors their en­
trance. Since, howe\"er, P2 is open-circuited this hole flow biases .!2 in the 
forward direction; since f2 is high resistance, an appreciable bias is developed 
before the counter current equals the inward hole flow and a steady state is 
reached. No similar effect occurs in the branch N2 ; consequently P2 will be 
found to be floating (open-circuited) at a more positive potential than N2 . 

Parts (b) to (e) describe this reasoning in more complete terms. We 
suppose that the p-regions are more highly conducting than the 11-regions 
so that the current across 11, shown in (b), is mainly holes. The potentials 
,;p and '()n along the .r-axis will be similar to those of Figs. 5 and 6; ( c) shows 
this situation and indicates that the diffusion length for electrons in the 
p-region is less than for holes in the 11-region. Along the y axis 'Pp and tp,. 

\"ary as shown in (e), the reasoning being as follows: At the origin of coordi­
nates \Or and \On have the same values as for ( c). The transverse hole current 
(d) has a small positive component at)' = 0 since, as mentioned above, P 2 

tends to absorb holes and thus increase diffusion along the plus y-axis.Since 
the net transverse current is zero, I ,. = -IP in (d). The cp curves of (e) 
have been drawn to conform to the currents in (d) ; 'Pn is nearly constant 
in the 11-region and 'PP is nearly constant in the p-region. As concluded in 
connection with Figs. 5 and 6, \On and \Op are also nearly constant across the 
transition region. These conclusions lead to the shape of 'Pn and 'Pp for y > 0 
in (e) . For y < 0, the reasoning is the same as that used in Sections 3 and 4 
and we conclude that \On is essentially constant. Hence, a difference in the 
Fermi levels at P2 and N2 will result. 

In Fig. 10 we show a structure for which we can make quantitative calcu­
lations of the variations of \Op and 'fn. We assume for this case tha t the 
forn·ard current from P1 to N does not produce an appreciable voltage drop, 
i.e. change in i/, and 'Pn, in region N. This will be a good approximation if the 
dimensions are suitably proportioned. We shall next solve for the steady­
state distribution of p subject to the indicated boundary conditions assuming 
that Pis a function of :r only. As we have discussed in Section 4.1, when p is 
small compared to II in the 11-region, we can write 

(5.1) 

In keeping with the treatment in the next section of this structure as a 
tra~istor,_ the terminals are designated emitter, collector and base, the po­
tent1~ls with respect to the base being rp, and cp,. The contact to N or the 
base 1s such that \Ob = '{)n in this region. Hence, the boundary conditions at 
12 and Jz are 

Pi = Pn e9~,lkT 

P2 = p. e9~,lkT 
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The function p(x) which satisfies these boundary conditions and the equation 
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Fig. 10-Model used for calculation of internal contact potential and to illustrate p-n-p 
transistor. 

(a) Semiconductor with two p-n junctions and ohmic metal contacts. 
(h) Quasi Fermi levels showing internal contact potential between b and c. 

which gives rise to a hole current across 12 into P2 of amount 

P2) coth ;p + (2Pn - P1 - P2) tanh ;J 
I w w) Pn) ( coth L - tanh L 
\ p p (5.6) 

- (h - Pn) (coth ;P + tanh ;) ] 

I Pn qD [ [eq"" /kT - 1] (eQl"clkT - 1) -1 
'4 _sinh (2w/ Lp) - tanh (2w/ Lp) _ 

- csch (2w/ Lp)l -p-0(cp.) - coth (2wLp)lpo(cpc) 
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where, by / 10 (!"), we mean the hole current which would flow in the forward 
direction across either 11 or 12 if uninfluenced by the other (i.e. the function 
of (4.11) or (4.18) and (4.20).) The equation shows that a fraction csch 
(2wi L ) of the current I p-0 ('{),), which would be injected by I(), on Pi in the 

p . • 
absence of ]2 , flows into A . The conductance of P2 across J 2 1s increased 
by the factor coth(2w/Lp), 

The current into P2 carried by electrons will be unaffected by 11 and can 
be denoted by -I.o(cp,) the minus sign resulting from the fact that currents 
i11lo P2 are in the reverse direction. The total current flowing into P2 contains 
the -/ .o(l{J,) and -1 pa(cp,) terms and must cancel the + / po(cp,) term for 
equilibrium. Hence: 

I.o(<Pc) + coth (2u/Lp) f~o(cpc) = csch (2w/ Lp) Ir,o(I(),) (5.7) 

If p. » tip, the I no term can be neglected compared to coth (2w/ LP) I ;.i;o • 

Hence the value of 'Pc must satisfy 

(5.8) 

For I{), > kT/q, the exponential approximation may be used ~or I p0 in both 
terms: 

(5.9) 

so that, if (2w/ LP) is the order of unity, <Pc should be only about (kT J q) 
less than l{J, . For (2w/ LP) large, we get 

(5 .10) 

corresponding to the linear drop of l{)p, discussed in connection with equation 
(4.9), across the distance 2w. 

When cp, is negative, so that we have to deal with reverse current, <Pc 

will not decrease indefinitely but will reach a minimum value given by 

[expqrp./kT]- 1 = -sech (2w/Lp) 

and corresponding to saturation reverse current across 11 , so that 

'{Jc = -(kT/q) In [1 + (1/2) csch2(w/ Lp)]. 

(5.11) 

(5.12) 

The floating· potentials of p-type contacts to n-type material into which 
~oles have been injected (or n-type contacts to p-type material with in­
Jected electrons) are reminiscent of probes in gas discharges which tend to 
become charged negative in respect to the space around them because th 
catch electr~ns more easily _than positive ions. The situation may also ~~ 
compared With that producmg thermal e.m.f.'s; in fact a "concentration 
tem~rature" of the semiconductor with injected holes can be defined by 
findmg the temperature for which up = n~(T). We conclude that, in the 
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absence of thermal equilibrium, different potentials depending on the nature 
of the contact are, in general, the rule rather than the exception. 

The bias developed on P2 or c will cha:1ge its conductance. If we suppose 
that ~o. and <Pb are held constant, then the current flowing into c is obtained 
by the same reasoning that led to (5.7) and is 

2w 2w 
lc(cpc, ip,) = l ,. t(<Pc) + coth r - I .,,c,(cpc) - csch -LI .,,0(1Pc). (5.13) 

Lp p 

For an infinitesimal change in <Pc from the value which makes Ic(<Pc, 

vanish, the admittance to c is readily found from (4.18) and (4.19) to be 

( al c) , ( ) 2w , ( ) ;-- = I nO <Pc + coth L- I pO <Pc 
\u<Pc/ ,p, p 

= [ Gno + coth ~: G.,,o J eq,pcfkT 

(5.14) 

which shows that pronounced variations in admittance should be associated 
with variations in hole density in N in Fig. 10.16 

6. p-1z-p TRANSISTORS 

The structure shown in Fig. 10 is a transistor with power gain provided 
the distance w is not too great. As a first approximation, we shall neglect 
the drop due to currents in the J.V region. If we use P2 as the collector and call 
the collector current, [,., positive when it flows into P2 from outside, we shall 
have from (5.13) 

The emitter current is similarly 

2w 2w 
I, = coth - I.,,o(ip,) - csch -=-- I.,,o(cpc) + lno(cp.). (6.2) 

L.,, L.,, 

If p,, >> n.,,, then the I ,.o terms can be neglected. However, the base current 
\\·ill not vanish but will be 

h = -I, - le= [csch r: -coth 1:] llpo(cp,) + J.,,c(cpc)l 

2 sinh
2 w/ L.,, 

= . h 2 / L [I .,,o(i,o,) + l .,,o(i,oc)]. 
sm w .,, 

(6.3) 

15 The variations in admittance discussed in connection with metal point contacts in 
an accompanying paper in this issue (W. Shockley, G. L. Pearson and J. R. Haynes, Bell 
Sys. Tec!t. Jl., July, 1949), arise from this cause; however, the nature of the contact is 
not as simple as here. 
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, h . t· 5 do not interact and the hyperbolic coefficient For w;L,, large, t e JUnc ion 
becomes unity and h = -[lii'P,) + /~o('l'c)I. 
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fig . 11-p-n p transistor. 
(a) Thermal equilibrium 
(b) Operating condition. 

(a) 

(b) 

If ip, is several volts negative, so that 1 po(<Pc) has its s1turation va ue 
l ,,, (see (-1.11) and (4.20)), then the ratio -olc/ol, = a has the value 

2w 
olc csch L - 2w 

- - = ---· = sech -. 
ol, h 2w LP 

cot L 
p 

a= 
(6. 4) 

For (2w/L,,) = 0.5, 1, 2 respectively, a= 0.89, 0.65, 0.27. Since the output 
impedance R'!! will be very high when 'P, is in the reverse direction, and the 
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input impedance will be low, the power gain formula16 a ~R22/ Rn will yield 
power gain even when a is less than unity. 

In certain ways the structure of Fig. 10 resembles a vacuum tube. In Fig. 
11, we show the energy band diagram, with energies of holes plotted upwards 
so as to be in accord with the convention for voltages. (a) shows the thermal 
equilibrium distribution and (b) the distribution under operating condi­
tions. It is seen that the potential hill, which holes must climb in reaching 
the collector, has been reduced by cp • • The n-region represents in a sense the 
grid region in a vacuum tube, in which the potential and hence ~ate current, 
is varied by the charge on the grid wires. Here the potential in the n-region 
is varied by the voltage applied between base and emitter. In both cases one 
current is controlled by another. In the vacuum tube the current which 
clurges the grid wires controls the space current. Because the grid is negative 
to the cathode, the electrons involved in the space current are kept away from 
the grid while at the same time the electrons in the grid are kept out of the 
space by the work function of the grid (provided that the grid does not 
become overheated.) In Fig. 11, the electrons f1owing into the base control 
the hole current from emitter to collector. In this case the controlled and 
controlling currents flow in the same space but in different directions because 
of the opposite signs of their charges. 

As this discussion suggests, it may be advantageous to operate the p-n-p 
transistor like a grounded cathode vacuum tube, ,vith the emitter grounded 
and the input applied to the base. 

The p-n-p transistor has the interesting feature of being calculable to a 
high degree. One can consider such questions as the relative ratios of width 
to length of the n-region and the effect of altering impurity contents and 
scaling the structure to operate in different frequency ranges. However, 
we shall not pursue these questions of possible applications further here. 
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APPENDIX I 

.,.\ 'fm:OREM ON }UNCTION RESISTA~CE 

We shall here prove that the junction resistance is never less Lhan the value 
obtained by integrating the local resistivity 1/qµ(p + bn). This is accom­
plished by analyzing the following equation which we shall _ discuss before 
giving the derivation: 

lo,p = .!.1"• {I! + I!) dx + qg f '"b (,pp - ,Pn) (eq(,pp-v>nllkT -1) dx, 
qµ "• \ p bn "• 

the meaning of the symbols being that shown in Fig. 5. This expression is 
valid even if large disturbances in p and n from their equilibrium values 
occur. The second integral is positive since the integrand is never negative. 
It may be very large if ,Pp - ,Pn » kT /q in some regions. If, in the first in­
tegral, we consider that I-;, and In may be varied subject to the restraint 
I,+ In= I, we may readily prove that the first integrand takes on a mini­
mum value when 

pl bnl 
Ip = -+ b and I" = --b- . p n P+ n 

For this minimum condition, the first integral becomes 

r"b 

J2 j dx/qµ(p + bn) = J2 & 
ra 

where~ is simply the integrated local resistivity. If I does divide in t li is 
way, the second integral is zero, a result which we can see as follows: 

Ip= -qµp drpp/dx 

I" = - qµlm drpn/ dx 

drpr,/dx _ Ir,/p 
drpn/dx - In/bn 

Hence, if the current divides in the ratio of p to bu Lhe11 d - d J 
• t '{Ip - <Pn an . 

smce lfJr, = ,p,. at Xa, 'P, = 'Pn everywhere and the second integral vanishes. 
In gen~r~l! of_ course, ~he conditions governing rccombin:ition prevent 

current d1v1s1on m the ratio p:bn and then {,ip/1 > Ro. 
The equation discussed above is derived as follows: We suppose that 

'Pr,(Xa) = 'Pn(Xa) = 'Pa 

'Pr,(Xti) = 'Pn(Xbj = cpi, 
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Then 

locp = - Up '{)p + In 'Pn) 1%b 
.xa 

Since 

and 

these two integrals are readily transformed into the ones previously dis­
cussed. 

APPENDIX II 

Am,rITTANCE I'°' A RETARDI)JG fIELD 

\Ve shall here derive the admitt :tnce equatio:1 for hol~.s diffusing into a 
retarding potential f = kTx/ qLr in which the potential increases by kT in 
each distance Lr. The differential equation for the a-c. component of p is 

iwp = _ _p_ - j_ 1-D ap - µp cJ·./;J . 
Tp ax _ ax UX 

This equation may be solvecl by letting p = P1 exp(iwl - -yx) as may be 
seen by rewriting the equation and substituti1-1g this expression for p: 

[
a2 p 1 ap-1 1 . 

D - 2 + -L - - - (1 + 1WTp) p ax r ax_ Tl' 

leading to 
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The corresponding current evaluated at x = 0 where P = p, exp(iw ) 

(p.<pilkT)exp(iwt) is given by 

l=-q[Dt+µpi] 
= -qD [- r + ~J P 

= q(l + iwrp) p 
rr'P 

P" q
2(1 + iwl) 2L, iwt · v, e 

= kTr'P . 1 + [1 + (2L,/ Lp)2(1 + iwrp)] 1. 2 

qµp" 2L, (1 + iwrp) ;.,1 

= L~ · 1 + [1 + (2L,/ Lp) 2(1 + iwrp)]"~ · v, e 

This is equivalent to ( 4.32) in Section 4. 

APPENDIX III 

AmnITANCE FOR Two LAYERS 

We shall here treat a case in which there is a thin layer on the n-side of 
the transition region in which recombination occurs much more readily 
than deeper in the 11--layer. The case of an infinitely thin plane, discussed in 
Section 4, is a limiting case of this model. We shall suppose that the layer 
extends from x = -c to x = 0 while x > 0 corresponds to the 11-region . We 
shall suppose that the potential in the layer is uniform with value i/;1 where as 
in the 11-region it has value 1"2 . The lifetimes of holes will be taken r1 ancl r 2 

in the two layers. The solutions for Pi and p2 are evidently 

where 

Pi = Pio+ (A e- az + B /az) /"'1 

P2 = Pro + C e-Pz+iwt 

x<O 

x>O 

a= (1 + iwri)i 12/VDr1 = (1 + iwri)112/L1 

f3 = (1 + iwr2)
112
/~ !!! (1 + iwr2)

112
/ L2 • 

The boundary condition for continuity of ,P p , required to avoid singularit 
in o'Pi ax, is Y 
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and, for continuity of hole current, is ap1/ax = ap2/ax. Expressing these 
in terms of A, B, C, a: and (3 for the a-c. components yields: 

so that 

A + B = C eq<,f,i-,f,2 lfkT :'!!= CF 

a:(A - B) = {3C 

A = (F + {3/a)C/2. 

B = (F - {3/a)C/2. 

Hence the ratio - [ap/ ax]/ p at x = - c is 

a In p a(A e+"'c - Be-"'c) a:(Fa: sinh a:c + {3 cash a:c) 
- ~ = (A e+ac + B e-00) = Fa cash a:c + {3 sinh a:c · 

Since at x = -c, the a-c. component of Pi is (qv1/kT)p10/wi, the admittance is 

_ ( /L ·) (l + . )112 Fa sinh ac + {3 cash a:c 
- qµP10 1 'lWT1 • . 

Fa cash ac + {3 smh ac 

For c - 0, this transforms into 

(qµp10/ Li) (1 + iwrr/
12{3/ Fa = (qµ(p10/ F)/ L2) (1 + iwr2)

112 

which agrees with Section 4, since Pio/ F then corresponds to Pn . 
If c/ Li and F are not large, an appreciable amount of recombination 

takes place for x > 0 for low frequencies. Dispersive effects will then occur 
corresponding to r2. The a-c. will not penetrate to x = 0, however, 
if c(w/ D) 112 » 1 and the dispersive effects will then be determined by r1 . 

The frequency-dependent part of the admittance, 

(1 + 
. , Fa sinh ac + {3 cash ac 
iwr1) . , 

Fa cash ac + {3 smh ac 

has been computed and is shown in Fig. 7 for rp = r2, F = 1, ri = r2/9 and 
c/ Li = ½. For these values about half the hole current reaches x = 0 for 
low frequencies. As the time constant for diffusion through the layer is rp/81, 
as discussed in Section 4.6, the layer will act as a largely frequency-inde­
pendent admittance well above the point for wrp = 1. This is reflected in 
the behavior of the curves of Fig. 7 and, for frequencies in the -W range, 
it is seen that G is larger than 5 by about SO% of the low-frequency value of 
G; this split of G + iS into (½)Go plus approximately (½)Go (1 + iwrp/'

2 corre­
sponds to the fact that about half the holes are absorbed in layer 1 for the 
assumed conditions. 
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APPENDIX IV 

TnIB CONSTANT FOR THE CAPACITY OF THE 'TRANSITION REGION 

For this case we shall consider the case of holes in an a-c. field with po­
tential 

if; = kT (..:. + xe..,') 
q L, L1 

where the d-c. retarding field is kT / qL, and the a-c. field is kT / qL1 where 
1/L1 is considered small for the linear theory presented here. The expression 
for the current of holes is 

ap # [ap ( 1 /"'')-j -D - - µp - = -D - + p - + -;-ax ax ax L, L,1 , _ 

We shall obtain a solution for p by letting 

P _ p -->:/ Lr + p [ --r/ Lr -rri iwl - o e 1 e - e Je , 

while neglecting recombination in this region so that p must satisfy the con­
dition p = -a (hole current)/ax leading to the differential equation 

D [a2 p + ap I}__ + /"')' -1- P = o 
ax2 ax \L, L1 _ 

There are three separate exponential dependencies of the variables leading 
to three equations (neglecting terms of order (1/ L1/) 

The first equation is satisfied by the equilibrium distribution and the 
second by 

and the last by 

1 
.., 1 + \/1 + 4iwL~/ _g 

2L, 

It is evident that dispersive effects set in when 

w = D/4L; 

• 70-



This corresponds to the result used in (4.31) in which (xrn - Xrp)/10 was 
used for Lr. For smaller values of w the current may be calculated and put 
in simple form by expanding')' up to terms including w

2
• The resulting ex­

pression for the current is 

J = -iwq Po Lr(Lr/ L1)/"' 1 

This is interpreted as follows: The a-c. voltage across a layer Lr thick is 

01/; = (kT/q) (Lr/Li)/"'1 

and, if we consider plus voltage as producing a field from left to right, then 
the a-c. voltage across Lr is V = -of. Substituting this for (Lr/ L 1)exp(iwt) 
gives 

I = iwqpo Lr(q/ kT) V 

Here qpolr is the total charge in the layer L, (q V / kT) is an average frac­
tional change in this charge for V so that (qp0 Lr) (q V / kT) + Vis a capacity. 

APPENDIX V 

THE EFFECT OF SURFACE RECOMBINATION 

In this appendix we shall consider the effect of surface recombination upon 
the characteristics of the p-n junction. As for Section 4 we shall illustrate 
the theory for the case of holes diffusing into n-type material. For sun­
plicity we shall treat a square cross-section bounded by y = ± w, z = ±w, 
the current flow being along +x. 

We shall denote the a-c. component of p as 

Pi = Pi (x, y, z, t) 

At x = 0, the edge of the n-region, we shall suppose that 'Pp and t/; are inde­
pendent of y and z so that we shall have 

P1(0, y, z, t) = Pio /"' 1 = (Pn qvi/kT)/"'
1 

by reasoning similar to that used for equation (4.5). The boundary condi­
tion at the surface will be 

api 
-D- = sp1 

ay for y = +w 

This states that the recombination per unit area is spi and is equal to tht 
diffusion to the surface -Dapifay. Similar boundary conditions hold for the 
other surfaces. By standard procedures involving separation of variables 
we may verify that the solution satisfying the boundary conditions is 

(X) 

"'""' -ai ·:rl-ic,,I R R P1 = ~ aii e 1 cos /Ji y cos /Ji z 
i,i-0 
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where the eigem•alues p; are detennined by the boundary condition 

P,w tan {J,11.• = sb/D !!!! x. 

We use O; = p,,u, for brevity later. Because of the symmetry of the boundary 
conditions it is not necessary to include sine functions in the sum. The value 
of a,, is gh-en by 

a,; = (1 + £wr,-,i/(Dr,i 
where r,, is the lifetime of a hole in the eigenfunction cos {3,-y cos f3;z; i.e. 
r ;; is the lifetime which makes 

p = exp (-L/r;;) cos {3;y cos {j;z, 

a function which satisfies the surface boundary conditions, a solution of the 
equation 

ap;at = Drlp - p/r = -D(fl + tft)p - p/r 

where to simplify the subsequent expressions we have omitted the subscript 
p from r. This equation leads to 

1 f o2 2) 1 - = D\}J; + /3; + -· 
Tij T 

The coefficients a,; are readily found since the cos f3 ,y functions form an 
orthogonal set (as may be verified by integrating by parts and using the 
boundary conditions). The values are 

a;;/P10 = 4[sin 8i sin 8;]/8;8;[1 + (1/28;) sin 28;]- [1 + (1/28;) sin 28;] 

The current corresponding to this solution is 

/1 = -qD I I (ap/ax) dy dz 

integrated over the cross section at x = 0. This gives 

/1 = qDp1ci"'
1 

I a;;(aii/P10)(4w2/8 ;0;) sin 8; sin 8; 

Substituting for a.-; and inserting Pio = Pnqv1/kT, we obtain an expression 
for the admittance AP = f1/V1 exp(iwl): 

4 · 2 8 • 2 A _ 4 2 P l: sm ; sm 8, 

, - w qµ • ;; a;; el el [ I + (
2
~.)sin 28,] [ I + C~)sin 26; J 

where the sum plays }~e role formerly taken by (1 + iwt)1l2/ vJ5;. in equation 
(4.12); the faclor 4w 1s the area of the junction. 

We shall analyze the formula for the case in which recombination on the 
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surface is smaller than diffusion to the surface so that xis not large. The values 
of 0;, over which the sum is to be taken, may be estimated as follows: in 
each interval of 0; of the form mr to (n + (½))1r, 0; tan 0; varies from Oto cc, 
giving one solution to 0; tan 0; = X• For x small, the solutions are approxi­
mately 

0o ... sin 0o • tan Bo = VX 
01 == 1r + xl rr; - sin 01 = tan 01 = x/1r 

From this we see that the terms in the sum are as follows: 

aoo·4x2/x24 = aoo 

CTno• 2(x/n1r)2/(n1r)2 = CTno2x2/n' 1r4 

• . • • 8 
CTnm·4x /nm 7r 

From this it is evident that unless x is large, the series converges very 
rapidly. (This conclusion is not altered when the increase in anm with f3nf3m is 
considered.) Thus the dominant term in the admittance is 

where 

2 --
4w qµpo (1 + iwToo) 112

/ V DToo 

1/roo = 2 ( ~ 2) (e; ) + 1/r 

- 2 (D) SW + 1/r 
w2 D 

This expression is valid only for sw/ D small so that 0~ = sw/ D. The term 
s/ (w/2) represents the rate of decay due to holes recombining on the surface, 
s having the dimensions of velocity. For w » 1/ roo, the admittance becomes 
4w2qµp 0(iw/ D)1'2, the same value as given in equation (4.12) for large wand 
an area 4w2• 

The conclusion from this appendix is that for x small, the effect of surface 
recombination is simply to modify the effective value of rand otherwise leave 
the theory of Section 4 unaltered. 

For very iarge values of x, it is necessary to consider higher terms in the 
sum and several values of r will be important. Under these conditions the 
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approximation is that, at x = 0, p, is independent of x and y may become a 
poor one, especillly for forward currents, because the lra.nsverse currents to 
the edges will be important. Under these conditions the role of surface re­
combination will give rise lo patch effects of the sort discussed in Section 4. 

APPENDIX VI 

THE EFFECT OF 'fRAPPIXG UPO~ THE DIFFUSION PROCESS 

In this appendix we shall investigate the effect of the trapping of holes 
upon the impedance. We denote the density of mobile holes in the valence­
bond band by p and the density of holes trapped in acceptors by Pa . For 
thermal equilibrium at room temperature there will be an equilibrium ratio, 
called a, for pof p. For germanium a = 1~ and for silicon a = 0.1 to 0.2. 

We shall consider four processes which occur at rates (per particle per 
unit time) as follows: 
11, direct recombination of a hole with an electron (free or bound to a donor) 
11, trapping of a hole by an acceptor 
"'° recombination of a hole trapped on an acceptor 
11, excitation of a trapped hole into the valence-bond band. 

Under equilibrium conditions as many holes are being trapped (rate pv 1) 

as are being excited (p"" ,) : hence 11, = av, . 
We shall study solutions of the customary form for the a-c. components 

P _ p iwl-,-: 
I - 10 e 

These must satisfy the equations 
• 2 
p, = Dv Pi - (111 + 11,)p, + 11,P1a 

pi,, = ll1P1 - (11, + v,0 )pi,, 

These lead readily to the equation for -y: 

Ir/ = iw + 11, + 11, - 11,1•,/(iw + 11, + 11,0 ) = iw 

. [1 + (,, + :,•j: + w~] + ,, + ,, [1 - (,, + •~l ;~'/(,, + ,,.) ] 
From t~is equation we can directly reach the important conclusion that 

the_ t~apprng proc~ss can n_ever le~d to a capacitative term larger than the 
res1St1ve. term. Th~s result 1s ~btamed by analyzing the complex phase of 'Y, 
the admittance bemg proportional to -y. In particular we find th t th l 

. n..t . . . , a e rea 
term m u-1 IS always positive, as may be seen from inspection so th t th 
complex phase angle of -y is less than 45°_ ' a e 

The form reduces lo a simple expression if v and v are I 
• 1 very arge com-
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pared to v,, v,0 and w , a situation which insures local equilibrium between 
p and Pa . Under these conditions we obtain 

IJ,y
2 = iw[1 + a] + v, + av,a 

Dividing by (1 + a) gives 

[D/(1 + a)]-/ = [Dp/(p + Pa)],/ = UJJ + pv, + Pallra 
P + Pa 

The interpretation is that the holes diffuse as if their diffusion constant were 
reduced by the fraction of the time p/ (p + Pa) they are free to move and 
recombine with a properly weighted average of v, and Vra. 

APPENDIX VII 

SOLUTIONS OF THE SPACE CHARGE EQUATION 

We shall first show that the space charge equation (2.11) has a unique 
solution for the one dimensional case. For simplicity we write (2.11) in 
the form 

(A7.1) 

to which it can be readily reduced. We shall deal with the case for which 

J = Jo for X < Xa 
J = _{b for X > Xb > Xa 

(A7.2) 

(A7.3) 

so that the interval (.r0 , xb) is bounded by semi-infinite blocks of uniform 
semiconductor. \Ve shall require that u be finite at x = ± oo . This boundary 
condition requires that for large values of Ix I 

+ A +-YaZ 
it = Ua a e 

where 

sinh Ua =la' 

x-+ - oo 

X 

sinh ub = fb 

'Yb = I (cash ub)
112 I 

(A7.4) 

(A7.5) 

(If the opposite signs of the 'Y's were present, the boundary conditions would 
not be satisfied.) The exponential solutions are valid for I u - tta I or 
I u - Ut, I « 1. For larger values, however, solutions exist which are ob­
tained by integrating (A7.1) to larger or smaller values of .r. 

For these extended solutions the values of u(:r, Aa) and u'(.r, Aa) (= du/ dx) 
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are monotonically increasing functions of Aa . This may be seen by con­
sidering .r = .r •. for Aa sufficiently small, the value of u(xa, A.,) and u' (x., Aa) 
are given simply by (Ai.4). For larger values of Aa, an exact integral will be 
required. It is evident, however, that all solutions of the form (A 7.4) are 
related simply by translation for x < Xa . Hence increasing A. is simply 
equivalent to integrating (A7.1) to larger values of x and it is evident that 
this increases II and 11' monotonically. It may be verified that for a sufficiently 
large Aa the solution becomes infinite at x. so that u(x ., A.) u'(x., A.,,) both 
vary monotonically and continuously from - oo to + oo as Aa varies from 
negati,·e to positive values. We shall refer to this property of u(xa, Aa), 

u'(.ra, .-la) as A . 
We next wish to show that u(x1 , A 0 ), u'(xi, A.) has the property Pi for 

rnlues of .r1 > .:r.,. To prove this we note that if for any xi , u(x1 , A.) and 
u'(x1 , A.) are finite, the solution may be integrated somewhat further to 
obtain u(.r2, A.), u'(x2, A0 ) for x2 >xi. From equation (A7.1) it is evident 
that an increase in either u(x1 , a) or u'(x1 , a) will result in an increase in 
rf-u/dx2 in the interval Xi < x < x2 so that 1t and u' at~ are monotonically 
increasing functions of 1t and 1/ at xi. Hence if u and u' at x1 have the 
property Pi, so do 1t and u' at x2. By extending this argument we conclude 
that u and u' at any value of x have the property Pi . (A rigorous proof 
can easily be completed along these lines provided that I J(x) I is finite.) 

Similarly it may be shown, starting from (A7.5), that u(x, Ab) is a mono­
tonically increasing function of Ab and u'(x, Ab) is a monotonically decreasing 
function of Ab. 

In order to have a solution satisfying (A7.4) and (A7.5) we must have, 
for any selected point x, 

(A7.6) 

(A7. 7) 

Xo~· as the equation u(:r, A.) = u(x, Ab) varies from - oo to + oo, u' (x, A.) 
vanes from-~ to+ cc and u'(x, Ab) varies from + oo to - oo, monotoni­
cal!y a_nd contmuously. Hence there is one and only one solution of (A7.1) 
sat1sfymg (Ai.4) and (Ai.S). 

In order to verify that the solutions discussed in Section 2 are correct for 
large and f~r small K, we show schematically in Fig. Al the solution for a 
representative Kasa dashed line together with the curve u = uo(y) = sinh - 1 

y. In terms of 110, equation (2.16) becomes 

d2i, 1 
dy2 = K2 (sinh u - sinh u0), (A7.8) 
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From the symmetry of the equation, it is evident that u must be an odd 
function of y and hence that the solution must pass through the origin. 
The boundary condition in this case will be that u - u 0 for y - ± c.o so that 
there will be no space charge far from the junction. \Ve can conveniently use 
the origin as the point at which the solution from y = + oo joins that from 
y = - oo; from symmetry, this requires merely that 1t = 0 when y = 0. 

U ANO Uo t 

d2 u 1 [ . h . h J -- = - S Ln U ·-SLn Uo 
d y2 K2 

Fig. Al-Behavior of the solution of Equation (2.16) or (A7.8). 

For large negative y, u = sinh-1 y and du / dy = 1/ cosh 110 so that du( dy 
is small. It is at once evident that, for large values of K, 1t must lie above uo 
so that the integral 

(1/K2
) lv (sinh u - sinh u0) dy = d1.t 

-oo dy 
(A7.9) 

will be large enough to make the solution u(y) pass through the origin. If 
u - u0 > 2 over the region of largest difference, the space charge will be 
largely uncompensated and the solution will correspond to that used in 
equation (2.18). On the other hand, as K - 0, the requirement that u(y) 
pass through the origin leads to the conclusion that 1t - 110 must be small for 
all values of y. The possibility that u oscillates about uo need not be con­
sidered since it may readily be seen that, if for any negative value of y, 
say Y1, both u(y1) and u'(y1) are less than 110()'1) and u'(y1), then u(y) and 
u'(y) are progressively less than u0(y) and u~(y) as y increases from Y1 to 0. 
Hence, if for negative y the u curve goes below the uo curve, it cannot pass 
through the origin. 
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APPENDIX VIII 

Lrsr OF SYMBOLS 

(Numbers in parentheses refer to equations) 

a = (.\', - N0 )/.t (2.14) 
A = admittance per unit area of junction (4.23) 
A,.= component of A due to hole flow into n-region (4.12) (4.24) 
A.= component of A due to electron flow into p-region (4.25) 
Ar= component of A due to varying charge distribution in transition 

region 
A also used as a constant coefficient in various appendices 
b = ratio of electron mobility to hole mobility 
b = symbol for base in Sections 5 and 6 
B constant coefficient in various expansions in appendices 
c = symbol for collector in Section 6; a length in Appendix III 
C = capacity per unit area 
Cn, C,, (4.25) (4.27) as for An, Ap 
Cr {2.42) {2.45) (2.56) as for Ar 
D = diffusion constant for holes (bD is the diffusion constant for electrons) 
e = 2.718 ... 
J see Appendbc 7 
g = rate of generation of hole-electron pairs per unit volume (3.1) 
G = conductance per unit area of junction 
Gn, Gp as for A's 
i = v'-1 
I = current density 
In, I,.= current densities due to electrons and holes (2.5) (2.6) (4.10) 
I.o, l,,o I,.1 (4.11) (4.12) (4.18) (4.19) 
I,, In,, I,., saturation reverse current densities (4.11) (4.18) (4.21) 
I, see text with (4.35) 

J = subscript in Section 3 for junction Fig. 5 equation (3.11) 
k = Boltzmann's constant 
K = space charge parameter (2.17) 
L = length 
Lo = n;/ a (2.15) 
Lv = Debye length (2.12) 

L,., L,. = diffusio~ lengths for ele~tron in p-region and holes in n-rcgion ( 4.8) 
L, = length requrred for potent1.al increase of kT/q in region of constant 

field (4.32) Appendices II and IV 
Li corresponds to a-c. field, Appendix IV 
n = density of electrons 
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nn, np = equilibrium densities of electrons in 11- and p-regions 
p = density of holes 
p,., PP = equilibrium densities of holes in 11- and p-regions 
Po = d-c. component of non-equilibrium hole density (4.3) 
Pi exp(iwt) = a-c. component of non-equilibrium hole density (4.3) 
P = total number per unit area of holes in specimen (2.35) 
q = electronic charge (q = I q I ) 
Q = qP = total charge per unit area (2.39) 
1· = recombination coefficient for holes and electrons (3.1) 
R = resistance of unit area 
Ro = resistance of unit area obtained by integrating conductivity (3.10), 

Appendix I 
R1 = effective series resistance, discussed in connection with (3.13) 
s = rate of recombination per unit area of surface per unit hole density, 

Appendix V 
S = susceptance per unit area (imaginary part of admittance) 
s p's n 's T as for A's. 
t = time 
T = temperature in °K 
T = subscript for transition region 
u = q.l;/ kT (2.9), q(i/; - c; 1)/ kT (2.32), Appendix VII 
,·0 and v1/w 1 = d-c. and a-c. components of voltage applied in forward direc-

tion (4.2) 
IV = width of space charge region in abrupt junction, Section 2.4 
w = half thickness of n-region or transistor base of Sections S and 6. 
w = half width of square rod in Appendix V. 
x = coordinate perpendicular to plane of junction 
y, z = transverse coordinates, Appendix: V 
y = reduced length (2.17), Appendix VII 
a = current gain factor in transistor (6.4) 
a = parameter in Appendix III and VI 
a;i = parameter in Appendix V 
{3; = parameter in Appendix: V 
'Y = parameter in Appendices II, IV and VII 
e = symbol for emitter Section 6 
6, = {3 ;w Appendix: V 
K = dielectric constant 
µ = mobility of a hole (bµ = mobility of electron) 
v = rates of recombination etc., Appendix VI 
p charge density (2.1) 
CT = conductivity 
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11; = conductivity of intrinsic material (-US) 
11,. = conductivity of 11-region == qbµnA 
up = conductivity of p-region = q,u.,f> ,, 
r = time 
r., r" =lifetimes of electrons in p-region and hole;; in 1z-region (3.2) (3 .3) 

(4.7) 
rr = relaxation time of transition region, Appendix IV 
~. ~,, f• = Fermi level and quasi Fermi levels (2.2) (2.4) 
&p = applied voltage across specimen in forward direction, Section 2.3, 

(4.2) 
x = sw/ D in Appendix V 
'f = electrostatic potenti.11 (2.2) 
w = circular frequency of ·a-c. (-1.2) 
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Theory and Experiment for a Germanium 
p-n Junction 

F. s. GoUCHER, G. L. PEARSO~. M. s ... .,., 
G. K. Tt.,L. AND \V. SHOC~LE\' 

Btll Ttl,pioat !Abora~rirs . .\hrTil)' Hill. NtflJ Jrrs.ry 
0.C.mbcr 21, 1950 

D ECTIFYING p-n junctions in germanium have been pro-
1'-. duced in which the appr0.1ch lo the idealized conditions is 
so close that most of the expected theoretical features can be 

, .. ~---~----.----,~-----,------, 

• 
i 

11,f----+-➔---,f----...... -----1 

Q.DI 0..1 

• CXP(Al'-l(NTAL 

THCOA(TJCAL 

Q.OIR[NT IN 'J,U./CM2 

Fie. I. Rectific-ation clwutcri!li.:s of a p-11 junction. 

10 

quantitatively ,-erified aoeriment.ally, thus putting these junc­
tions in a unique position in the field of solid rectifiers. The 
junctions discus;ed in this letter were produced in high back 
volt.age n-type germanium by the addition of gallium so that 
one portion of the single crystal' was P-type. The unit reported 
hen was 0.6.;X0.6 cm.in cross section. 

According to theory' the rectification curve for such a junction 
should be of Wagner form l=l,[eip(el'/kT)-1]. Figure I 
shows a comparison between theory and experiment, the theo­
retical ,-a.iue 39 voJt-1 being UStd for •/kT. The voltage values 
were measured between zero current probes near to the junction 
on each side and employed to eliminate ohmic series resistance. 

01 -- _I 
Lne/onrn ,o,wwl lp=/DpTr,=0.7MM ., 

,__ 

~ 
► I 
C . 
:: 
ii 

" • 

• 
• 
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L 
" 0 
l; 

l ' 
Cl.I 

Tn=5,1,1SCC 

! 
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I 

/1 
' I 

'Tp= !12µ SEC 

" \ I 
I \ 

I \ 

I \ p ,[~N 
- \ WIDTH or 

LIC,HT B[AU 

\ 
~ U ~ ~ M ~ 

CISTANC( IN UU: rAQM JUNCTION 

FIG. 2. Photo-rNponse rs diuance from junction. 

The conductance of the junction al low voltages, d ,/ kT, is due 
to hole flow in the n-region in parnllel with electron flow in the 
p-region. It can be calculated in terms of the intrinsic conductivity 
er; taken as 0.0165 ohm-1 cm-1, the conductivities of the two 
regions "• and "•• the lifetimes of injected carriers rp for holes 
and r. for electrons, and the diffusion constants D, and D., and 
their ratio b= D,/ D,. The life1imes were measured by scanning 
with a slit of light of wavelength 1.85 microns, which penetrated 
deeply into the specimen. The abnormal ~arriers so produced 
should diffuse• a distance .t to the junction with decay factors of 
eip(-x/L), where L= (Dr)I is the diffusion length, a prediction 
which is in agreement with Fig. 2. Except for the decay due to 
finite r, it was determined that each photon absorbed resulted in 
a tr.1.11sfer of one electron across the junction, in agreement with 
the previous finding of unit quantum efficiency.• This treatment of 
light as a voltage-independent current generator is in agreement 
with the findings of Pietenpoi• and differs in emphasizing diffusion 
and photo-current rather than photo-voltage which is usually 
discussed.' 

From the lifetimes of Fig. 2 and values of o-,= 2.5 and u" = 0.188 
determined by probe measurements, a value of ll.007 for el,/ kT 
was found, compared with a de low voltage value of 0.011 
ohm- 1 cm-•. 

A further check of the lifetime results was obtained from the 
impedance characteristic at zero bias, Fig. 3, which is in good 
agreement with the theoretical form based on diffusion theory.' 

For reverse biases, the diffusion term is suppressed and a 
capacity corresponding to a concentration gradient in the transi­
tion region was found. From Eq. (2.46) of reference 2 a value pf 
1ou cm-• was obtained. 

The dependence of admittance on bias for intermediate b:ascs 
has also been found to be in agreement with theory as has the 
effect of temperature. The dependence of the photo-response on 

■ • EXPERII.IENTAL 

- THEORETICAL I 
__j, 1..-•-- 1 

CONOUC TANC[ :-=-:: 
_ 1--- , 7 I 
, ' 7 I 

./ I I 
# " I WT:2 I 

/ !~ I,.., T:48µSE C T , 

! I ~USC[PTANC[ J I 
/ ' ~· ' 
' I I ' / I ' T 

I I I ' I ' 1 I 
' 

103 10 4 

rR[QU[NCY IN CYCLES PER SCC.ONC 

F1G. J. Admittance of p -r• junction vs frequency. 

wavelength has been used for the study of surface recombination 
which is more important at the short wavelengths which do not 
penetrate deeply . 

We are indebted to W. L. Bond and H. R. Moore for aid with 
the experimenta_l tec~niques, and lo J. A. Morton for encourage­
ment in connection with the germanium single-crystal program. 

'. ~ - K. Teat and J, 1!- Liule, Phys. Kev. 78 617 ( 1950) 
. ,v. Shockley, Bell ->YIIC ffl Tech J 2a ◄35 89 ( ' • 

EJtt1, •• , .. d lloltr ;. Stmito.du,1d,s .(D ·v. N I ) ,dl 9)c. IV. Shockle y, 
York, 1950) . · " ostr:in omoa 11 y, N e w 

: S· ~\'agner, Physik. Z. 32, 641 (1931). 
, • , ~- Gou,.er, Phys. Kev. 81, -175 (1951) 

F. S. Goucher, Ph_ys. _Kev. 78, 816 0 950): 
1 Ptrsonal communica11on. 

pu~t~;;~,;.•"• Pl,y,. Rei•, 75, 1631 0 949) and reference 3 for ad-litional 
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p-n Junction Transistors 

\\'. SnOCKLEY, M. SPARKS, AND G. K. TEAL 

Bdl Ttl,pf,.,ne laopratorits, Inc., .lfurray Hill, Ne-JJ Jersey 
(Received May 24, 1951) 

The eff«ts of diffusion of electrons through a lhin p-type layer of germanium have been studied in speci­
mens coosisling of two n-trpe regions "ith 1he p-type region interposed. It is found that potentials applic_d 
to one n•lll)e rtgion are 1r.rnsmi11ed by diffusing electrons through the p-type layer although the latter 1s 
=nded ihrougb an ohmic conlact. \\'hen one of the p-n junctions is biased to saturation, po\\'cr gain can 
be obl3ined through the de,ice. Used as "n-p-n transistors" these units will operate on currents as low as 10 
micro:imperes and 1·oltages as low as 0.1 volt, have power gains of 50 db, and noise figures of about 10 db 
at !(XX) cps. Their current-,·oltage charncleristics are in good agreement with the diffusion theory. 

I. INTRODUCTION 

IN thi; article we shall coll3ider the phenomena which 
occur when voltages are applied to a semiconductor 

consisting of se1·eral regions of different conductivity 
types. Structures of this sort, consisting in particular 
of two regions of one conductivity type separated by 
another region of the opposite type, are of great prac­
tical interest in transistor electronics. Such structures 
can also be used to e.mibit the behavior of hole and 
electron diffusion in rather impressive ways. In par­
ticular, the phenomenon of "internal contact poten­
tials" can be strikingly demonstrated with such 
structures. 

Transistors in which the nonlinear effects originate 
'l'lithin the germanium as a result of the relationships of 
p-type and 11-type regions are called "p-11 junction 
transistors" to distinguish them from point-contact 
types, in which the metal semiconductor contact often 
plays an essential role. There are a number of possible 
p-11 junction transistor structures: The p-11-p transistor 
has been discussed previously from a theoretical view­
point. L! In this article we shall consider chiefly the 11-p-11 
transistor,' the 11-type phototransistor with a p-11 hook 
collector and a p-11-p-11 transistor with p-lype emitter 
and P-n hook collector. 

In the following sections we shall describe first in 
simple tenns the basic phenomena and effects with 
which we are concerned. We shall next describe the 
actual physical structure of several of the 11-p-11 transis­
tors and their electrical characteristics. The theoretical 
principles will then be put in quantitative form and the 
~rrent-voltage relationships derived for certain par­
ticular models. Finally a direct comparison bet ween 
theory and experiment will be presented. 

Il. THE n-p-n STRUCTURE AS A TRANSISTOR 
AND AS A "HOOK MULTIPLIER" 

In Fig. 1 we represent an n-p-n structure and indicate 
bow it may be used as a transistor. Like the type-A 

1 W. Shockley, Bell S)·stem Tech. J. 28, 435--489 (1949). 
,.. 'W. Shockley, Eltdr1111s alld Holts in Snnicollductors {D. van 
,.05trand Company, Inc., ~ew York, 1950). 

19
~ R. L. _Wa~ce and 'It'.. J. Pietenpol, Bell System Tech. J. July, 

.· Jl. (This art.Jcle, to 9!h1Ch we shall refer a number of times, deals 
;1~ a number of practJcal features 'A'hicb we do not consider here.) 

I IS also scheduled for the Proc. Inst. Radio Engrs. July, 1951. 

transistor, the current paths between emitter terminal 
and base and between collector terminal and base have 
rectifying junctions. Unlike the type-A transistor, how­
ever, the rectification arises in the interior of the ger­
manium and not at the contacts between metal leads 
and the germanium; which are substantially ohmic. 
There are other important differences between the 
11-p-11 and the type-A : In the 11-p-11 the flow of injected 
carriers takes place chiefly by diffusion rather than by 
drift in an electric field; the current multiplication at 
the collector, which makes possible the positive feed­
back instability of the type-A transistor, is lacking in 
the 11-p-11 transistor. 

In this section we shall give a brief resume of the 
theory of the operation of the transistor. Additional 
details will be found in the cited references. In Secs. V, 
et seq., some aspects of the theory will be treated an­
alytically. The analysis is simplified by the use of the 
following assumptions :l 

(I) The donors and acceptors are fully ionized (this is a good 
assumption for germanium at room temperature). 

(2) The density of minority carriers is much smaller than the 
density of majority carriers in each region. 

(3) The net rate of recombination in any region is linear in I he 
de1~ation of the minoritt carrier density from its thermal equi­
libnum value. (Assumptions (2) and (3) permit us to use linear 
equations in dealing 11ith the currents arising from carrier in­
jection.) 
. (4) Spac~ cha~ge is negligible except at the space-charge regions 
tn the p-11 Juncllons themselves. 

In Fig. 1 we show the energy band diagram for the 
structure under consideration for zero bias and for 
biases applied in such a way that the unit becomes an 
amplifying transistor. Under the latter condition the 
junction ! • o? the right of the figure is biased in the 
~everse d1rect1on. This direction is such that electrons 
m the 11-type 7ollector region _have low potential energy 
an~ can~ot_ climb the potential energy hill to the base 
region_; similarly _holes are held in the base region. Elec­
trons m the _em1t_ter_ region, however, may climb the 
s~all p_otentJal hill mto the base region and once in 
this regio~ may diffuse so that some of them will arrive 
at the right-hand_ junction. The flow over the hill 
clep~n<ls on the height of the hill and this height may 

• These assumptions are discussed further in references 1 and 2. 
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FIG. I. The ,i-p-n structure and the energy level scheme. (a) and 
(b) Thermal equilibrium. (c) and (d) Biased as an amplifier. 

be varied by applying a variable potential to the emitter 
while maintaining the base at constant potential. If the 
base region is very thin, few of the electrons will re­
combine with holes in it and, as a result, efficient trans­
mission of electron current through the layer will occur. 
Furthermore, if the emitter region is more highly con­
ducting than the base region, there will be many more 
electrons available to climb the hill than there are holes 
to climb the corresponding hill in the opposite direction. 
As a result, most of the current across the left junction 
will consist of electrons. Under these conditions the 
behavior of this device is closely analogous to that of a 
vacuum tube: the emitter region corresponds to the 
cathode, the base to the region around the grid wires, 
and the collector region corresponds to the plate. In 
favorably designed units the controlled electron current 
flowing through the base region may be very much 
larger than the current furnished the base region for 
control purposes so that the transistor has a current 
amplification factor that is very high. It may, therefore, 
be operated like a grounded cathode triode with the 
emitter region grounded and the signal applied to the 
base. In Sec. IV some current-voltage characteristics 
for transistors are shown and for them it may be seen 
that the current transmission is nearly perfect. 

It is interesting to note that both for the vacuum 
tube and for the transistor, control is accomplished by 
the interaction of two forms of electron flow. In the 
vacuum tube, metallic flow in the grid wire controls the 
flow of thermionic electrons in the space between grid 
wires. In the transistor, hole flow in the base changes 
the base-emitter voltage and controls electron flow 
through the base layer. 

The structure shown in Fig. 1 with the same operating 
biases may be used as a collector with high multiplica-

tion in a transistor. 5 It may also be used as a photo­
transistor.6 We shall consider the application as a col­
lector in a transistor later and shall describe here how 
multiplication of photocurrents can occur. For this 
purpose there need be no electrode connected to the 
base layer. If light shines on the germanium near the 
junctions, then the hole electron pairs generated will 
be separated by the field of the junctions and conse­
quently a current of holes will flow into the base layer. 
These holes will accumulate in the layer and will 
charge it positively and thus reduce its potential 
energy for electrons. As a result more electrons will be 
able to climb .the hill and flow to the collector. The 
effect of the added holes will die away after the light is 
removed due to the diffusion of holes into the left region 
where they combine with electrons and also due to re­
combination with electrons which diffuse into the base 
layer. If the layer is very thin, however, and the density 
of electrons in the left region is very high, then a very 
large number of electrons will be able to climb over the 
hill for each hole that is able to enter the emitter region 
and recombine . In Sec. VII we shall show that the cur­
rent amplification obtained in this way is proportional 
to the ratio of the conductivities of the two layers and 
is inversely proportional to the thickness of the base 
layer. 

An interesting consequence of the diffusion of elec­
trons through the base layer is the occurrence of "in­
ternal contact potentials."7 In order to illustrate these 
we shall suppose that the base layer is grounded and 
that a potential is applied to the emitter. If an addi­
tional ohmic contact is also made to the base region, 
it will of course show ground potential. If the contact 
is rectifying, however, and in particular if it carries 
most of its current in the form of electrons, its potential 
will be determined by the electron density in the base 
layer rather than by the potential established by the 
grounding contact. The n-region on the right represents 
such a contact. It is found both theoretically and experi­
mentally that if the base layer is grounded, then poten­
tials applied to the region on the left are transmitted 
through the base layer, although its electrostatic po­
tential is practically unaltered, and exhibit themselves 
in the region to the right, which tends to "float" (when 
no current is drawn from it) at a potential approxi­
mately equal to that of the left region-at least over a 
certain range of voltages . Theory and experiment 
related to this phenomenon are given in Secs. VII 
and VIII. 

Ill. DESCRIPTION OF EXPERIMENTAL UNITS 

The experimental units were made of a piece of single 
crystal germanium in which a thin p-type layer is 

• \V. Shockley, Phys. Rev. 78, 29-1 (1950). 
6 J. N. Shive who has developed the phototransistor [Phys. 

Rev. 76, 575 (1949)] has proposed this use of the p-n hook. 
7 These were first discussed in reference 1. Internal contact 

potentials for point contacts have been measured by G. L. Pearson 
and analyzed by J. Bardeen [Bell System Tech. J. 29, 469-495 
(1950)]. 
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interposed between two n-type sections. Units of a 
variety of conductivity values have been prepared. 
Typical values for an 11-p-n structure as shown in Fig. 1 
are: emitter, 100 (ohm-cm)-1; base, l (ohm-cm)-

1
; 

and collector, 0.1 (ohm-cro)-1• Typical values of life­
time of the minoritv carrier in the collector section are 
300-I()() microseco~ds. The e.-qierimental evidence is 
that lifetimes in the other sections, in which direct 
measurement of lifetimes is more difficult, do not differ 
greatly from this. The leads to the three sections are 
mechanically strong and ohmic in character. The struc­
ture thus operates through conditions arising within 
the interior of the single crystal and not because of 
phenomena arising at the contacts between the leads 
and the germanium. 

IV. PERFORMANCE CHARACTERISTICS 

The perfonnance characteristics of 11-p-11 transistors 
will be considered briefly. 8 Since these devices operate 
uniformly over the surfaces of p-11 junctions they may 
be greatly altered as to the size of the active area, in 
contrast to point-contact devices. Thus it is possible to 
increase power output without corresponding increases 
in current density. One of the larger 11-p-11 transistors9 

studied as an amplifier had a junction area of 0.3 sq 
cm, a base layer thickness of about 0.07 cm, and de­
livered 2.0 watts of undistorted output in class A 
operation. Its frequency cutoff was about 10,000 cps, 
this limit being in general agreement with the rffect of 
diffusion through the p-layer as discussed in Sec. IX. 

The low power potentialities of these structures have 
been more thoroughly investigated. A junction area of 
about 0.01 sq cm and a base layer thickness of about 
1.5 X 10-..1 cm are typical dimensions for these uni ts. 
They have operated with gains of 50 db and noise 
figures of about 10 db to 15 db at 1()(() cycles per second. 
Each of these quantities is an improvement of several 
orders of magnitude over point-contact transistors. 
For low signal levels they give essentially full gain with 
collector voltages higher than 0.1 volt and are therefore 
exceptio~ally ~ood very low power amplifie~. At som; 
sacrifice m gain they may be operated at efficiencies of 
48 to 49 percent out of a theoretical maximum of 50 
percent for class A. An oscillator has been constructed 
by R. L. Wallace, Jr., and D. E. Thomas of this labora­
tory. which operates on 0.6-microwatt input. The same 
sllllll:1 transistors will also operate as amplifiers with 
max1D1um output powers of several hundred milliwatts 
A set of operating curves is given in Fig. 2. The fre~ 
quency_ cutoff. of these units in high gain circuits is 
~ete~ed c~efly by the capacitance of the collector 
J~nctJon and IS much lower than the limit set by diffu­
sion through the base layer. A discussion of the capaci-

, An atensive presentation of circuit propcrlies • . . 
reference 3. 

15 
given m 

1 The performance of this transistor was discus.sed t th J IT~• ~st ~.o ~ngrs. Conference on Electron De::•iceseattlie: 
s!:~~~c~o~~:d~:. also at the July, 1950, Conference on 

tative effect will be found in the article by Wallace and 

Pietenpol. 

V. THEORETICAL PRINCIPLES AND BOUNDARY 
CONDITIONS 

In this and following sections we shall give analytic 
form to the ideas discussed in Sec. II. The principal 
symbols used in dealing with the theory are shown in 
the accompanying table of notation. In this section and 
the next we shall deal ·with the n-p-n structure in 
general terms and for this reason shall use subscripts 
"I" and "r" standing for "left" and "right" for the two 
ti-type regions. This permits us to consider impartially 
cases in which either region may be biased as a collector 
or as an emitter. 
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We shall first discuss the boundary conditions at the 
junctions when potentials are applied across them.10 

The electrostatic potential ,j, in the interior of the semi­
conductor may have its zero chosen arbitrarily. For our 
purpose the zero is so chosen that - q,j, is approxi­
mately the energy of an electron at a level of energy 
midway in the energy gap. The exact value of ,j, is such 
that 

n= n; expq(,j,- ,p)/kT 

p=n; expq(,p-,j,)/kT 

(5.1) 

(5.2) 

under equilibrium conditions. Under nonequilibrium 
conditions, similar equations determine the "imrefs"11 

<Pn and <PP in terms of ,j,, n, and p as follows: 

n=n; expq(,j,- <Pn)/kT 

P= n; expq(,pp-,j,)/kT. 

NOTATION 

A= cross-sectional area of unit; 
b- µniµp = 2.1; 
B1= (kT/q)[l-exp(-q,pc/ kT)]; 
B,= (kT/ q)[l-exp(-q,p,/ kT)]; 
e= base of naperian logarithms; 

(5.3) 

(5.4) 

Dn, Dp= diffusion 'constants for electrons and holes; 
Gu, G,,, etc.= conductances at zero voltage; 
n=density of electrons; 
nb= n in the base layer; 
11,= n in an intrinsic specimen; 
n1 = deviation of n from its thermal equilibrium value; 
Na, Na= density of donors, acceptors; 
p= density of holes; 
q=charge of a hole= -charge of an electron; 
V, v= de and ac components of voltage; 
W = thickness of base layer; 
µn, µp= mobilities of electrons, holes= 3600, 1700 

cm2/ volt sec; 
rr,- - intrinsic conductivity; 
rp1, Tp,, Tnb = lifetimes of minority carriers; 
rp= (Fermi level) / (-q); 
<Pn = imref for electrons ; 
rpp = imref for holes; 
rp1, 'Pb, ,p,= voltages of the three regions; and 
if,= electrostatic potential. 

The imrefs or "quasi-Fermi levels" are introduced for 
convenience in discussing boundary conditions at the 
junctions and the meaning of applied voltages. In 
terms of the imrefs the current densities assume a 
particularly simple form: 

In= qDn Vn+qµnnE= -qµnn'il ,pn (5.5) 

Ip= -qDp'vp+qµppE= -qµvP'il<Pv· (5.6) 

These equations show that the current densities are 

"The notation used here is similar to that of references 1 and 2 
and the analysis is substantially an abreviation of that of ref­
erence 1. 

11 We a~e inde?ted to the most appropriate authority for sug­
gesting this modified name for the quasi-Fermi levels. 

those corresponding to materials with the conductivity 
appropriate for the electron and hole densities, respec­
tively, and to electric fields derived from the imrefs as 
potentials. From these relationships it is evide.nt that a 
given electron current will produce much bigger changes 
of the imrefs when it flows in a p-type region, where the 
electron density is small, than it will in an n-type 
region. In fact the ratio of conductivity by electrons is 
so great between the two regions that the imref for 
electrons can be regarded as substantially constant in 
the n-type region. In accordance with the assumption 
that the minority carrier density is small compared to 
the majority density and the assumption that the space 
charge is negligible, it follows that the potential ,j, is 
substantially uniform in the interior of each region 
also. If the contacts on regions l and r are so far from 
the junctions that no injected carriers reach them and 
are substantially ohmic, then it also follows that the 
imrefs for electrons in these regions are simply the 
voltage applied to the two contacts. In accordance with 
the assumption that current to the base contact is 
carried by holes, it also follows that the imref for holes 
in this region is equal to <Pb· 

We shall now apply the aforementioned conclusions 
to the boundary condition at Ji. For simplicity we 
shall assume that the base is grounded so that we shall 
consider in general cases in which 

\01;,!0, \Ob= 0, cp,;,! 0. (5. 7) 

By the reasoning of the preceding paragraph, the imref 
for electrons is continuous across the junction J, and in 
fact has its largest gradient only after the interior of the 
base region is reached. Consequently we may take <Pn 
in the base region near J 1 as substantially equal to \01· 
The electron density in the base region near J, is thus 
given by 

n(in b near J 1)=nb exp(-q\01/kT), (5.8) 

where nb is the thermal equilibrium concentration of 
electrons at the corresponding point. (This equation 
follows directly from (5.3) together with the conclusion 
previously reached that if, and 'PP in the base layer are 
unaffected by the applied potentials of (5.7).) 

We shall be chiefly concerned with deviations of the 
densities from their equilibrium values and shall use 
the subscript 1 to indicate such densities. The deviation 
corresponding to (5.8) is 

n 1= nb[exp(-qcp,/kT)-1]= -nbqB,/kT. (5.9) 

In this expression we have introduced the quantity B1 
defined as 

B,= (kT/ q)[l-exp(-qcp1/kT)]. (5.10) 

This symbol is introduced since all the currents with 
which we shall be concerned depend functionally upon 
the voltages in the form (5.10). The coefficient kT/q is 
introduced so that B, has the dimensions of a voltage 
and for small values of cpz, B, is in fact approximately 
equal to cp,. 
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Entirely similar reasoning le~ds to co~esponding 
relationships for the hole density m the l region: 

p(in l near J,)= p1 e.'rf)(-qr,,i/kT) (5.11) 

Pi=Pz[exp(-qr,,i/kT)-1]~ -MB,/kT. (5.12) 

VI. THE CURRENT-VOLTAGE RELATIONSHIPS 

The analysis of the last section indicates tha~ ~ear 11 
the deviations of both hole and electron densities are 
proportional to B 1• These deviations lead to diffusion 
currents which would vanish for the case of thermal 
equilihri~m with B1=0. As a result of the linear a?• 
proximations discussed in. Sec. II, these ~~rrents will 
he proportional to B1• In Fig. 3 the conventions selected 
for signs of current are shown. We shall accordingly 
denote the current into region h due to hole flow across 
J, as follows: 

(6.1) 

For the case of a uniform cross section of area A and 
material of uniform conductivity and uniform lifetime 
, pr, the value of the coefficient may be easily derived :12 

G11 p=qµ.pp.,A / Lp1=u?-bA/(HW111Lp1 (6.2) 

in which the diffusion length is given by the equation, 

Lp1= (DpTpr)1. (6.3) 

The last form of (6.2) expresses the conductance Gup in 
terms of the conductivity u, of an intrinsic sample and 
the actual conductivity of the 11-type region. The quan­
tity b occurring in the equation is the ratio of mobilities: 

b• µ./µp , (6.4) 

The electron current flowing across JI can also be 
directly evaluated for the case of B,= 0. Even if no 
potential is applied across J ,, some of the electrons 
injected across 11 will arrive in the r-region. This is a 
con.sequence of the fact that the deviation n1 is required 
to be zero at J, when r,,, is zero. The electron currents 
across the two junctions are found to be13 

11.=[(qµ.n,,A./L.) cotb(W/L.)]B1=G11.B1 (6.5) 

I,.=-[(qµ,.n,,A./L.) csch(W/L.)]B,=G,1.B,. (6.6) 

The conductance Gu. may be expressed in terms of the 
properties of the base layer as follows: 

G11.=[11.-'bA/(Hir)11,,L.] coth(W/L.). (6.7) 

A similar treatment for J, leads to a corresponding 
set of equations. In terms of the G's and the B's the 
current-voltage relationship may be written as follows: 

l1=G11B1+G1rB, (6.8) 

l,=G,J31+G,.B, (6.9) 

i: Reference l, Eqs. (4.20) and (4.21) or reference 2, p. 316. 
In a specimen of finite cro<..s section, the recombination must be 
described in terms of a set of normal modes. For the cross sections 
of the smaU transistors, the lowest mode dominates and its life­
time may be used in the formulas derived for the on~-dimenslonal 
case. See reference l, Appendix V. 

u Rderence 1, Eq. (5.6), modified for electron diffusion. 

G11 =G11.+G1111, G1,=G1,n 

G.,=G,,., G., - G.,n+G .. 11 • 

(6.10) 

(6.11) 

For low voltages we have the approximate relation­
ship, 

B1=,pr, B,=,p, for l<Pr. ,l « kT/ q, (6.12) 

so that the coefficients in Eqs. (6.8) and (6.9) are simply 
the low voltage condui;tance components. If the poten­
tials consist of a bias plus a small ac component so that 
we may write 

,p,= V1+v1, ,p,= V,+v, , 

then the small signal equations become 

i,= guvz+ gi,v, 

i,= g,1v1+ g,.v,, 

(6.13) 

(6.14) 

(6.15) 

where the relationship between the small g's and the 
large G's is 

g11/G 11 = g,1/ Gr1= exp(-q V,/ kT) (6.16) 

while a similar equation applies for the other two 
coefficients. 

From these relationships one can also derive the re­
sult that each g is proportional to the devia tion of its 
corresponding GB term from its saturation value corre­
sponding to B= (kT/ qj. This may be expressed sym­
bolically as follows: 

g= (deviation of GB from saturation) · (q/ kT). (6.17) 

For the model discussed in connection with Eqs. 
(6.5) and (6.6), it is evident that symmetry leads to the 
equation, 

(6.18) 

If the conductivity varies in an unsymmetrical way, 
however, in the middle layer or if the lifetime is greater 
at one side of the layer than the other, then we cannot 
reach the conclusion that the two G's are equal from 
symmetry arguments. It can be shown, however, that 
it is a consequence of the linear assumptions described 
in Sec. II that the symmetry relationship holds no 

AREA 
/ A 

Fzc. 3. Dimensions and conventions for voltage and 
current for an n-p-n structure. 
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matter what the geometry of the middle layer. The 
proof of this result is given in an appendix. 14 This 
leads us to the conclusion that for the idealized sort of 
model in which all of the currents are linear in the 
injected carrier density, the behavior of the transistor 
is describe..:! by three parameters, at least so far as low 
frequencies are concerned. These parameters are the 
four coefficients in Eqs. (6.8) and (6.9) with the rela­
tionship (6.18) between two of them. 

In terms of these coefficients we may define the 
"alpha" of the unit using either junction as an emitter. 
The two a's need not be equal and the a for the left 
junction is given by the relationship, 

a1= -(aI,/aI1) [for cp,const]=-G,1/ G11 

- -Gr1n/(G11n+G11,,) 

= ( -Gr1n/ G11n)[G11n/ (G11n+G11,,)]= -Ydh (6.19) 

The definition of-yin transistor terminology is the frac­
tion of the current at the emitter junction produced by 
emitter voltage that is carried by minority carriers in 
the base; evidently 

(6.20) 

The fraction of these injected carriers that reaches the 
collector is defined as (3: 

(6.21) 

The "intrinsic a" or a* of the collector junction is 
defined as the ra t io of change in total current per unit 
minority carrier current arriving at it .. For a simple 
p-n junction collector, a* is unity. For a "hook col­
lector," which we treat in the next section, the arrival of 
injected current provokes a flow of carriers and a "' 
may be 100 or more. 

If the middle layer is thin so that the hyberbolic 
functions of (6 .5 ) and (6.6) may be approximated by 
their first terms, we may write 

VII. SPECIAL OPERATING CONDITIONS 

We shall next consider the consequences of the equa­
tions derived in the previous section for several limiting 
cases of voltages and currents. 

A. Operating as an Amplifier 

In order to get into the range of linear behavior it is 
necessary to apply a sufficiently large reverse bias to 
the collector so that its current saturates. This condi­
tion corresponds to the straight parts of the character­
istics shown in Fig. 2. The voltage required to get into 
this range must exceed about 4kT/q. After this point is 
reached the emitter current and collector current may 
be approximated by 

I1=G11B1-a1G11kT/ q (7.la) 

I,= -a1GuB1+G,,kT/ q 

= -ad1+ (G,,+a?G11)(kT/ q). (7.lb) 

Equation (7.lb) accounts for the parallel lines with 
currents increasing linearly in Ii shown in Fig. 2 for high 
collector voltages. 

For applications in circuit theory, it is important 
to know the emitter admittance g11. To the approxima­
tion emphasized in this paper in which series ohmic 
resistances are neglected, this admittance is 1/ r, of the 
equivalent circuit.3 The range of interest is usually such 
that - cpz> 4kT / q so that the application of the reason­
ing of (6.17) leads to 

1/ r,= g11= aJif acp1= G11 exp(-qcp1/ kT) 

=I1q/ kT=40I1mho. (7.2) 

If the unit is operated with grounded emitter and 
with the collector current saturated, then the input 
admittance is 

dlb/ dcpb= d(-I1-I, )/d(- <Pb) 

= (l-a1)G11 exp(-qcp1/ kT) (7.3) 

(6.22) while the transconductance is 1/ (1- a1) larger. Thus 
if a 1=0.99, there will be a current gain of 100-fold, if the 

(6.23) collector current is saturated. The theoretical power 
gain would be infinite if the collector impedance were 

(6.24) infinite corresponding to the ideal saturation of (7.lb). 
Actually collector resistances of 107 to 108 ohms are 

(6-25) observed. For currents large compared to saturation 

Entirely similar expressions may be written for J, 
simply by interchanging rand l. 

currents, (7.3) leads to an admittance of (l-a1)I,q/ kT 
=10-2 Xl0-4X40=4Xl0-6 mhos for I,=10--4 amp, 
a typical value for high gain performance. The power 

"This symmetry result may be derived in a more general way gain will be roughly the ratio of output to input im­
from the reciprocity principle of electrical conduction provided pedances times the square of the current gain and will 
no magnetic field is present. The necessary theorem is proved in thus be about 101X 4X io-sx l04= 66 db for a matched 
section 5 of H. B. G. Casimir [Revs. Modern Phys. 17, 343 
1945-)]. The proof there shows that in the linear range of con- load. As discussed in Sec. IV, gains as high as .50 db 
ductivity, G1, must equal G,1. Since we have shown that the cur- Ii b b · d · · 1 · · 
rents are linear functions of the B's by an independent argument, ave een ° tame m practlca Circuits. 
it follows that we may take G1, = G,1 in general. The method used /

1 

by Casimir is based on Onsager's principle of microscopic reversi- , B. Hook Collector in P-n-p-n Transistor 
bility and has an unnecessarily abstract flavor so far as the needs / 1 Point contact transistors are frequently observed to 
of this article are concerned. The desired theorem can be proved by 
straightforward analytical methods as is shown in the Appendix! have current multiplication in the sense that at a 

I 
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med collector bias, changes in emitter current produce 
changes in collector current several fold larger. One 
explanation is that a "p-n hook" is formed at the col­
lector junction so that the "intrinsic a" or a* of the col­
lector is high. We shall illustrate this theory. f~r the 
case of an n-type transistor in which holes are miec~ed 
by a p-n junction emitter and the collector consists 
of n and p layers. . . . 

This structure is ~epresented in Fig. 4 and 1s sh~wn 
for bias conditions similar to those discussed for Fig. 1 
except for the added emitter region and the ab~ence 
of a contact to the b layer. Regarded as a transistor, 
the emitter, base, and collector are E', b', and c'. The 
operating biases put reverse voltage across J, and 
forward across J1• The base layer b will float at a poten­
tial such that the net current to it is zero: 

I,+I,=G11(1-a,)BrtG,.(1-a,)B,=0. (7.4) 

For luge reverse biases B, will be positive and BI nega­
tive and 

(7.S) 

where v •. is the voltage on the collector. For large V.,, 
B, will saturate and <Pr will be determined by 

B1=-G,,(1-a,)(kT/q)/G11(l-a1) (7.6) 

so that the saturation current is 

/,(sat.)= (1-a,a,)G.,kT /q(l-a1). (7.7) 

If holes are injected by t ' so that a hole current Ip* 
arrives at J ,, then the condition, 

I,+Jrtl/=0 (7.8) 
leads to a. change 

l!.B1=-l//G11(1-a,) (7.9) 

and this produces an increased electron current across 
J, which leads to 

Al.,= G,1l!.B1= aJ p*/(1-a,). (7.10) 

The "intrinsic a" or a• of the composite structure is 

a•= (M .,+I/)/1 /'= 1/(1-az). (7.11) 

For the thin layer approximation we see that 

a*=H(u,Lp1/ubW). (7.12) 

Thus for thin layers and for highly conducting l re­
gions, a• may be made very large. 

The reason for calling the structure a "p-n hook" is 
illustrated in Fig. 4b. The high energy potential for 
electrons in layer b is low potential for holes. Holes 
injected by f' become caught in this hook and bias 11 

forward so as to provoke the enhanced electron flow. 

C. Phototransistor 

The structure in Fig. 4 can act as a phototransistor 
if the hole injection by the emitter junction is simply 
replaced by hole electron pair generation by light. 
For this application, the structure has only two termi-

DISTANCE_.... 

FIG. 4. A p-n-p-n transistor with a p-n hook collector. 

nals, b' and c' of Fig. 4, the region l being absent. If 
the hole electron pairs are generated in the neighbor­
hood of J,, then they will be separated by the field in 
the junction with a current equivalent to the passage 
of one hole across J, for each pair so separated. The 
bole current across the junction will under these condi­
tions be multiplied just as for the case of the p-n-p-n 
transistor so that the apparent quantum efficiency for 
hole electron pairs generated at J, is 

apparent quantum efficiency 

=a*=l+(u1Lp1/ ubW) (7.13) 

by the reasoning that leads to Eq. (7.12). In the follow­
ing section we shall discuss some values of a* deter­
mined by measurements of photocurrents. 

D; Internal Contact Potentials 

In order to discuss internal contact potentials we 
return to a consideration of the three region device of 
Fig. 3. If b is grounded and region r is allowed to seek 
its own potential, then potentials applied to region l 
will prbduce potentials on region r although the poten­
tial measured with an ohmic contact to b would every­
where be zero. The floating potential of region r is 
determined by setting the total current equal to zero 
so that we have 

0= I,= Gr1B1+G,,B, (7 .14) 

B,• (-Gr1/G,,)B1= (-G1,/G,,)B1= a,B 1 (7.15) 

exp(-q,p,/kT)= 1-a,+a. exp(-q<P1/ kT). (7 .16) 

Equation (7.16) expresses ,p, as a function of ,p1 and 
a,. It takes simple limiting form for extreme bias 
conditions : 
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Forward bias: 

-qcp1/ kT>>l 

<Pr= cp,-(kT/ q) lnar 

ar= expq( cpz- <Pr)/ kT. 
Zero bias: 

In this expression16 

u?-ocexp(-Ea/kT) 

(7.17a) where Ea is the energy gap and 

(7.17b) UJ>°' r-1 

(8.5) 

(8.6) 

Reverse bias : 

I qcp1/kTI «1 

qcp1/ kT»l 

<Pr=-(kT/ q) ln(l - ar) 

ar= 1-exp(-qcpr/ kT). 

(7.18) 

(7.19a) 

(7.19b) 

In the following section, we shall show that these ex­
pressions are approximately satisfied . 

VIII. COMPARISON WITH EXPERIMENT 

In this section we shall be chiefly concerned with an 
analysis of data on an n-p-n transistor and with showing 
that it may be interpreted on the basis of the theory 
discussed above. The data were taken under two sets of 
conditions: In the first the voltages were small compared 
to (kT/ q) and from these the G's were determined using 
the approximation (6.12). In the second set , a wide range 
of voltages were used; for all condit ions, however, one 
of the two B's was taken as independent and the other 
B was · either constant or else proportional to the inde­
pendent B. Consequently, each current is of the form 

l=c+mB=l s+m[B- (kT/ q)] 

= I s-l v exp(-qV / kT), (8.1) 

where V is the voltage upon which B depends and 

I s=c+(mkT/ q) (8.2) 

is the "saturation" value of the current for large posi­
tive values of V and 

lv=mkT/ q. (8.3) 

Both Is and Iv are readily calcula ted in terms of the 
G's. In the analysis of the data the measured Is and / v 
values are compared with values computed from the 
G's, and the dependence of I upon V is investigated. 

It should be pointed out that the values of the G's 
are strongly dependent on temperature. Consider, for 
example, 

TADLE 8.1. Zero bias conductances for an 11-P-n transistor 
(conductances in micromhos at T= 22°C). 

Gu 
G,. 
G11(1 - a1<>2) 
G,,(1- °'""2) 
a,=(V,/ V,) for l,=0 
a,=(V,/ V,) for l,=0 
G11+G,2-2G21 

Measured 

8.8 ±0.S 
33 .3 ±0.S 
6.9 ±0.S 

26.S ±0.S 
0.86±0.02 
0.22±0.02 

26.2 ±0.5 

Calculated 

8.8 
33.3 

6.9 
26.4 
0.89 
0.23 

26.S 

Consequently the value of Gr1 at Ta+.6.T=300°K+.6.T 
is approximately 

Gr1(Ta+.6.T)=Gr1(Ta) exp[(Ea/kTl)+ (3/ 2To)].6.T 
= Gri(Ta) exp(0.095+0.005).6.T (8. 7) 

so that G,1 increases approximately 10 percent per 
degree C. This increase arises chiefly from ul and will 
be approximately the same for all the G's. 

The fact that the G's have large temperature coeffi­
cients implies that at fixed voltages the currents will 
be very sensitive to temperature. This does not mean, 
however, that in a properly designed circuit, the be­
havior of the unit will be highly sensitive to tempera­
ture. The value of a 1, for example, as shown in (6.24) 
involves only trbW / u,Lp, and this has only a small 
temperature coefficient. At a fixed emitter current, the 
emitter resistance is proportional to T in °K. Thus the 
most important quantities from a circuit point of view 
have small temperature coefficients. 

Since in this section we are dealing with a transistor 
designed to have one terminal as emitter and one as 
collector, we shall abandon the "left" and "right" 
terminology and use subscript "1" for the emitter and 
"2" for the collector as is customary for transistors. 
The large signal equations are then 

l,=G11B1+G12B2 (8.8) 

l ,=G21B1+G22B2 

and the small signal equations are 

I,= guv,+ g12Vc 

i ,= g21v,+ g22Vc 

(8.9) 

(8.10) 

(8.11) 

where each g gepends on its corresponding voltage in 
the form, 

g,;=G,; exp(-qV;/kT). (8.12) 

The low voltage conductances were measured at 2 
millivolts. For this small voltage 

B(+2mv)= 1.95mv 

B(-2 mv)= -2.05 mv 

(8.13a) 

(8.13b) 

so that the currents are nearly linear in this range, and 
the nonlinearity is practically eliminated by averaging 
the two polarities. With the collector grounded, I, was 
measured and G11 computed from I,/ V,. With the col­
lector open circuited, I, and V, were measured; for this 
case /,/ V,=G11(l-a1a2) and V,/V,= -G21/ G22=a2. 
Similar data were taken with voltage applied to the 

16 11,• varies as T3 exp(-•a/kT), see reference 2, page 4i5, and 
/Jn/Jp as :r-•, see page 287, 
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collector. Finally collector and emitter were connected 
together and the combined currents measured ; this 
gives 

(J,+J,)/V,=Gu+G22-Gu-G21- (8.14) 

The values selected for the G's were: Conductances in 
micromhos at 22°c 

Gu=8.8, Gu=33.3, G12=G21=-7.8. (8.15) 

These three values fit the seven measurements within 
the limits of experimental accuracy as shown in Table 
8.1. The fact that the fit can be achieved with three 
constants is not a real test of the theory of Sec. VI, 
however, since any passive three terminal device in 
the absence of magnetic fields should satisfy the re­
ciprocity condition and be described by three constants. 
What the table shows essentially is the consistency of 
the measurements. 

Accurate values for the constants for the base layer 
were not available for the unit studied. However, the 
orders of magnitude of the G's are in reasonable agree­
ment with values expected for a structure with con­
stants lying in the ranges expected from the method 
of fabrication. We shall not attempt to obtain a perfect 
fit16 but will choose as an example a structure with 
A=0.003 cm1, IV=2.5X10-3 cm, cr,=20, crb=lO, 
cr,=0.1, CT,=(1/txl) ohm-1 cm-1, and lifetimes rp,=40 
and T ~ = 10 microseconds. The resulting values for the 
G's based on Eqs. (6.2), (6.22), and (6.25) are 

G11.=7.3 micromhos 

G11p=0.S micrornhos 

G22p=45 micrornhos. 

(8.16a) 

(8.16b) 

(8.16c) 

11 For the simpler case of a p-11 junction, the electrical properties 
hav! been predicted v.ith an accuracy of about 20 percent from 
the mdependently measured constants describing the junction. 

The value of {J is greater than 0. 99 for r n = 40 micro­
seconds and may be taken as unity so far as the G's are 
concerned. These values lead to 

Gu=G11n+G11p=7.8 (8.17a) 

-G12= -G12n=f11G11n= f32G22n= 7.3 (8.17b) 

(8.17c) 

According to this interpretation the failure of a 1 to 
be unity is due chiefly to hole flow across J, and a simi­
lar condition is true of a2. The base current arises al­
most entirely from these hole flows with recombination 
in the base being nearly negligible. 

Figures 5 and 6 show the internal contact potential 
effect. In Fig. 5 the potential V, is applied and V. 
measured while zero current flows to the collector 
terminal. The data are seen to be in general agreement 
with the theory and with the value of a2, corresponding 
to the collector junction, obtained at low voltage for 
Table 8.1. Figure 6 shows similar data with the voltage 
applied to the collector. The data are seen to differ 
slightly from the theoretical curves for reverse biases. 
The values of a obtained by applying (7. l 9b) to these 

data are 

(8.18) 

which shows that the fit is very sensitive to small varia­
tions in value of a. The test of Eq. (7.17b), which ap­
plies to forward bias, cannot be carried out as satis­
factorily because under these conditions the currents 
are relatively large and the voltage drops across the 
series resistances of the specimen are not negligible 
compared to the effects studied. The values obtained 
are, however, approximately the same as those of 
Table 8.1. 

In Fig. 7, the collector is biased to saturation and 
J, and I, are plotted as functions of V,. For this case the 
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formulas should be 

I,=G11B1+G12 (k T / q) 

40 

= Gu(l-a,)kT/ q-(GukT/ q) exp(-qV,/ kT) (8.19a) 

I.=G12B1+G22(kT/ q) 

=Gdl-a2)(kT/ q) 

+(a1G11kT/ q) exp(-qV,/ kT) . (8.19b) 

It is seen that the lines agree well with the exponential 
forms and, furthermore, that the slope is in good agree­
ment with theory which requires that for one decade of 
change in the current the voltage change should be 

t:.V=2 .30XkT/ q=2.30/ 39.4=59.0 mv (8.20) 

for T= 297°K, the temperature at which the data were 
taken. The values of Is and Iv deduced from Table 8.1 
(corrected for a t:.T of 2°C) and from the data on which 
Fig. 7 was based are: 

G11(l-a1)kT/ q 
Gu(kT/ q) 
Gn(l-a2) kT/ q 
a1G11kT/ q 

Fig. 7 
0.021 µa 

0.30 µa 

0.88 µa 

0.27 µa 

Table 8.1 
0.025 µa 

0.27 µa 

0.78 ;ia 
0.24 µa. 

The slope terms are simply the values for V,=0 in 
Fig. 7. The saturation values were deduced directly 
from the dat~. In the voltage range used, the satura-

tion for the collector was not perfect and the collector 
saturation values were corrected for a "leakage" term 
of about 1 megohm. (The origin of this leakage effect 
is not clear and it tends to saturate at higher reverse 
biases.) 

In Fig. 8 the dependence of emitter current upon 
emitter voltage is again shown. The unit was at some­
what higher temperature and was measured at a higher 
collector voltage in one case and with the collector 
floating in the other. The ratio of the two terms 
should be 

(8.21) 

The observed ratio is 1.30 at V, = 0 which is satisfactory 
agreement. 

In Fig. 9 the dependence of collector current upon 
collector voltage is shown for two cases similar to those 
of Fig. 8. The ratio of the two values is again 1.30 in 
good agreement with the prediction. It should be noted, 
however, that the slope requires 74 millivolts per decade, 
a value appropriate to an unreasonably high tempera­
ture of 103°C. This slope is established for such low 
currents that it seems difficult to explain it by spurious 
effects of series resistances. 

There is an important difference in the nature of the 
currents of Fig. 7, which fit the theoretical slope, and 
those of Fig. 9, which do not. The currents of Fig. 7 
consists chiefly of electrons which diffuse through the 
base layer and arrive at the collector; the evidence for 

-300 

-200 

V) 

~ -100 
~ -80 

~ -60 
0 
5 -40 

i 
z 
- -20 
z 
Q 
~ 
a: -10 
:, -8 
~ 
"' -6 
L1J 
~ -4 
ID 
< 
~ -2 
L1J 

~ a -I 

a:-0.8 

~-0.6 ... 
~-0.4 

-0.2 

-o. t 

\ \. 
\"\ 

\ 
\ 

A \ 

~ 

-... 
-

~ 

I\ 
' \ \. 

\\ 
\1 K--Vc = +o.s VOLTS \ (SLOPE 62 MILLIVOLTS) \ PER DECADE 

Ic=o--~\~ \, 
\.'"' 
\I'. 

',\ 
\~ 

\l 
\ \. 
~-~ 

\\ ... 
\~ 

' 
-eoo -160 -120 -BO -40 0 

Ve, EMITTER VOLTAGE IN MILLIVOLTS 

FIG. 8. Emitter current for two conditions of collectors. 

40 

- 93 -



this conclusion is the value 0.89 for ai, which implies 
that only 11 percent of the current is carried ~y el_ec­
trons recombining in the base layer or holes diffusmg 
into and recombining in the emitter body ( or the re­
verse processes, depending on the polarity). On the 
other hand, most of the collector current is probably 
carried by holes which recombine in_ the collector body. 
(This reasoning is in agreement with the ~ttempt ~o 
inteipret the G's in terms of the structure discussed m 
connection with (8.17a, b, c).) It is to be expected theo­
retically that if the recombination process involves 
trapping on recombination centers,17 then the rate of 
recombination will increase less rapidly than linearly 
with injected carrier density because at high densities 
the traps tend to saturate. This view bas received some 
aperimental support from the work of F. S. Goucher 
and J. R. Haynes who find an apparent increase in life­
time with increasing carrier density. It may be that this 
mechanism accounts for failure of the currents to in­
crea.<e as rapidly as they should with increasing voltage 
in Fig. 9. 

Further evidence for nonlinearity in the recombina­
tion of boles in the emitter is furnished by the depend­
ence of a 1 upon emitter current. This can be seen in 
Fig. 7. As the emitter current increases, the ratio of 
collector to emitter current (above saturation) increases 
from 0.9 to about 0.95. This is interpreted as being due 
to the failure of hole current to increase as rapidly with 
voltage as does emitter current. 

The tendency of a to increase with emitter current 
appears to be a general feature of n-p-n transistors. 
Wallace and Pietenpofl report values as high as 0.995 
for a. 

Phototransistors made of n-p-n structures are ex­
tremely responsive to light and exhibit apparent quan­
tum efficiencies of at least several hundreds. In ac­
cordance with the interpretation of Sec. VII C, these 
efficiencies would lead to a1 values deduced from 
1-(1/ a•) comparable to or larger than the highest 
observed in n-p..ti transistors. 

IL SOME DESIGN CONSIDERATIONS 

It has been the principal purpose of the preceding 
sections to examine the consequences of the diffusion 
theory and compare them with experiment. For this 
purpose the experimental conditions considered were 
the simplest: small currents and zero frequency. For 
practical applications high frequency and larger cur­
rents are also of interest. In this section we shall discuss 
briefly some of the factors of importance in design 
considerations. 

Of ~eat interest is the frequency cutoff. This may be 
determined by the external circuit or by one or another 
of several internal features of th,e transistor. The most 
fundamental of these latter is that set by the diffusion 

17 See rdercnce 2, page 342. 
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time through the base layer. This time is 

1'D=W2/ D,.. (9.1) 

At a circular frequency w, solutions for n 1 in the base 
layer are of the form, 

exp(u.it±x(l +iwr,.)1/ L,.) 

and this leads to a ,8 value of 

.B=sech(Hiwr,.)IW / L,.. 

(9.2) 

(9.3) 

For frequencies such that wr..>)1, this reduces to 

B=2/[exp(l+i')(wrD/ 2)l+exp(-1-i)(wrv/ 2)!]. (9.4) 

From this it is evide~t that for wrv»2 there is a phase 
lag of (wro/2)1 radians and an equal attenuation in 
nepers. The power gain, which is proportional to {fl in 
many cases, drops about 3 db when wrv= 2 or 
f=D./7rWl=30/W2. For W=10-3 inch or 2.sx10-1 

cm this is about 5 X 101 cps. 
I? a_ddi~ion to this fundamental limitation, there may 

be limitations due to capacitance and ohmic resistances 
W~ shall illustr~te ~his by considering the grounded 
emitter form of c1rcu1t, which is analogous to a grounded 
cath?de vacuum tube circuit. For this case ac signals are 
applied to the base and ac voltages are developed on the 
collector. These voltages charge the capacitance of the 
base co~ector junction and this charging current must 
be funushed by hole flow in the base layer. For a layer 
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Frc.10. The base region over whose surface the integration is made. 

with crb= 10 ohm-1 cm-1 and W = 2.SX 10-3 cm, the 
resistance from edge to opposite edge of a unit square 
is 40 ohms. If the capacitance is 2000 µµf/cm2 and the 
voltage gain is 10, then the input signal will dominate 
the voltage on the base layer only if the width of the 
unit is less than 

For a frequency of SX 106 cps, this leads to a width of 
2 mm. The current through the base layer must also 
charge the emitter capacitance which may be much 
larger than the collector capacitance due to the effects 
of diffusion. 

If the unit is too wide, the signal applied at the elec­
trode on the base layer will be attenuated so that only 
a portion of the base layer will be operative in the 
desired way. The remainder of the base layer will be 
dominated by the capacitative voltages and these will 
induce currents which will lead to large "active" 
capacitances appearing between emitter and collector. 

It is evident that the effects involved will lead to 
rather detailed calculations for any particular case but 
that the physical principles required to design n-p-n 
transistors are simply extensions of those well estab­
lished for p-n junctions and n-p-n transistors for the 
low bias, low frequency conditions. 

The low noise figures of these transistors cannot be 
said to be explained in the absence of an established 
theory of noise generation. They are, howevet, in rough 
agreement with a theory based on noise modulation of 
the recombination mechanism.17 This theory predicts 
that each element of volume is a source of (noise cur­
rent)2 proportional to the square of the deviation of 
minority carrier density from its normal value. Apply­
ing this criterion to the n-p-n structure and comparing 
it to the type A indicates that the observed difference 
of 40 db or more between noise figures can be accounted 
for in terms of the change in current densities and 
geometries. 
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APPENDIX 

Proof of the Equality G1, = G,z 

We shall prove this equality subject to the assumption that the 
electron density in the base layer is small compared to the thermal 
equilibrium hole density. Under these conditions, the effect of 
injected electron~ on the potential distribution may be neglected 
so that the variation of the electron density from its equilibrium 
value may be treated by linear equations. In Fig. 10 we represent 
the situation considered. We shall denote by I nz(Bz, B,) the current 
across J, into the base carried by electrons. The symmetry rela­
tion Gz,= G,z is then established by proving that 

lnz(0, B)=ln,(B, 0). (Al) 

In the base layer we shall suppose that the electrostatic potential 
,J, and the lifetime T are arbitrary functions of position. The 
boundary condition on the external surfaces and at the metal 
contact will be taken as 

(A2) 

where dS is the outward normal, s the surface recombination 
velocity and 

(A3) 

is the deviation of n from the thermal equilibrium value. 
We shall denote the solutions corresponding to potentials ap­

plied to the two junctions as follows: 

Bi=B, B,=0 

B,=0, B,=B 

The currents in question are then 

(A4) 

(AS) 

lni(0, B)= - J.,, In'·dS (A6) 

In,(B, 0)= -f ln·dS. (A7) 
J, 

The desired theorem is proved by considering the vector A : 

A = (11,/nb)[ n' - (,,, , /nb)I n• (AS) 

Since ln·dS is proportional to"' on the external surfaces, A ·ds=0 
on these surfaces. Hence, the integral of A -dS over the surface 
of the base region is 

J A ·dS= (qB/kT)[-lnz(0, B)+ln,(B, O)] (A9) 

since on Jz and J, we have 

11, / n,= (qB/kT) on J, 

=0 on J, 

=(qB/kT) on J,. 

(AlO) 

(All) 

Furthermore, it can be shown that 'v •A= 0 in the base region 
and hence that (A9) is zero by Gauss's theorem so that (Al) 
is proved. The proof that v · A = 0 is accomplished by showing 
that 'v · (11,/11b)l n' is symmetrical in n 1 and ri 1' so that the two terms 
in (AS) have cancelling divergences: 

'v · (11,/nb)J n' 

= (l / 11b)('vn1 - 11,'v lnnb) ·In' -1- (n,/nb)'v • l n' 

= (1 / 11b)[('v11,-!-11,qE/kT) · (qµnn,' E-1-qDn v'n,') 

-q(n,n,' /T)], (A12) 

which is seen to be symmetrical. 
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The p-Germanium Transistor* 
W. G. PFANNt AND J. H. SCAFFt 

SummC17y-Tbe lrallsistor effect in p-type germanium is dis­
cussed aad some properties are given for t-cermaaium tnJJs.istors 
made ia tbe labontory. These exhibit higher cutoff frequency aad 
somewhat lowerCUITeDt muHlplicalion !baa their n-germanium coua­
terputs. Under certain conditions a neplive resistance "snap" ef­
fect is obsened whic:b is apparently peculiar top-type germanium. 
Both types of lrallsistor are governed by the same physical prin­
ciples but they di!er ia the signs of the emitted carriers aad of the 
bias volt&(es. 

I
N THE TRANSISTOR described by Bardeen and 
Brattaini.r two adjacent metallic points make recti­
fring contact to one surface of a small block of 

gennanium. :\ third large-area contact comprises the 
base electrode. The point electrodes are designated 
emitter and collector and form the input and output 
terminals, respectively, of the transistor when con­
nected as an amplifier. The basic material of the tran­
sistor described by Bardeen and Brattain is the elec­
tronic semiconductor, n-germanium. 

The transistor effect has also been produced in the 
semiconductor p-germanium and a number of experi­
mental p-germanium transistors have been made in the 
laboratory.1 The preparation and properties of such 
p-germanium transistors are described herein, follow­
ing a briel description of some characteristics of the 
semiconductors, n- and p-germanium.1 

Germanium is an electronic semiconductor. Its elec­
trical conductivity lies between those of metals and 
insulators. The conductivity can be increased by the 
addition of certain elements to the germanium. Such 
addition elements produce carriers of electrical charge 
which contribute directly to the conductivity. Addition 
elements fall into one ol two classes, depending on the 
type of conductivity which they produce. Elements in 
Group V of the Periodic System donate conduction elec­
trons to the germanium, thereby producing n-type (n 
for negative) conductivity. Elements of Group HI 
accept an electron from the germanium lattice, leaving 
therein a net positive charge, or "hole," which can move 
freely through the lattice, producing p-type (p for posi­
tive) conductivity.• The existence of negative or positive 
carriers in semiconductors such as germanium can be 
demonstrated experimentally by measurement of the 

• Decimal classification: R282.12. Original manuscript received 
by the Instiwte, May 25, 1950. 

f Bell Telephone Laboratories, Inc., Murray Hill, N. J. 
1 J. Bardeen and W. H. Brattain, "The transistor, a semi-con­

ductor triode." Pliys. Rev., vol. 74, p. 230; July 15, 1948. 
1 J. Bardeen and W. H. Brattain, •Physical principles involved 

in transitor action,• Phys. RtTJ., vol. 75, pp. 12D!H225; April 15, 
1949. And BeU Sys. Tuh. lour., vol. 28, pp. 239-277; April 
1949. ' 

1 W. G. Pfann and J. H. Scaff, "The p-germanium transistor," 
Phys. Rn,,, vol. 76, p. 459; August, 1949. 

• For further information on electronic conduction in germanium, 
&ee footnote reference 2. 

1 J. H. Scaff, H. C. Theuerer, and E. E. Schumacher, "P-type and 
N-type silicon and the formation of the photovoltaic basrier in silicon 
ingots,• JINr. Md .• vol. 185, pp. 383-388; June, 1949. 

Hall voltage, which is a transverse electromotive fore'!! 
produced by a magnetic field in a current-carrying con­
ductor, the sign of the Hall voltage d ependi11~ upon th• 
sign of the moving carriers. 

In actual practice, relatively pure n- or P-germaniurn 
of resistivity on the order of 10 ohm-centimeters ha• 
been used. Residual impurities may produce suffi~ienl 
n-type conductivity for the requirements of transisto~ 
and high back-voltage rectifiers. Furthermore it has been 
shown by Scaff and Theuerer that such n-germaniurt! 
can be thermally converted top-germanium by heatin£'. 
at about 600°C or higher followed by quenching.• -• 
Such p-germanium, as well as P-germanium produced! 
by additions of aluminum, have been used for the: 
p-type transistors discussed herein. 

While a good rectifying junction can be made be­
tween a metallic point and either n- or p-germanium, 
it should be noted that the polarity of the rectifying 
junction depends on the conductivity type of the semi­
conductor. Table I shows the polarity of the point with 
respect to the semiconductor in the two cases. 

TABLE I 

Pola rity of Point 
Conductivity Type 

of the Semiconductor 

n type 
p type 

Forward 
Direction 

+ 

Reverse 
Direction 

+ 

In either type of transistor the collector is biased in 
the reverse direction and the emitter is usually biased 
in the forward direction. Operation of then-germanium 
transistor may be explained on the basis that the cur­
rent which passes through the emitter consists largely 
of holes, i.e., of carriers of opposite sign to those 
normally in excess in the body of the germanium. The 
holes are attracted to the negatively biased collector 
so that _a large part of the emitter current , introduced 
at low impedance, flows into the collector circuit and 
through a high impedance load, as may be seen in Fig. J. 

SIGNAL LOAD SIGNAL 

'v E C 

/''''''' -
--♦ --r-

- I 
+ .!. 

. (a) (b) 

LOAO 

,.. 
• I 

--'-

Fig. I-Schema tics show· · f 
d (b)

rngoperat1on o (a) n-germanium transistor 
an p-germanium transistor. • 

'J. H. Scaff and H C The "P · · B Voltage Germanium R ·, · " uer~r, reparation of High ack-
NDRC 14-555 Octob ec~~e;~ National Defense Research Council, 

1 H. C. To;,.e and C ' 45. . " 
Graw-Hill Book Co N y' A.kWNhitmer, Crystal Rectifiers." Mc-

., ew or , • Y., chap. 12; 1948. 
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The result is a voltage gain and a power gain of an in­
put signal. There may be an amplifiaation of current as 
well. 

In the p-germanium transistor a large part of the 
emitter current consists of electrons, which enter the 
germanium and are drawn to the positively biased 
collector. Voltage gain and current gain occur, just as 
in the n-type transistor. 

The characteristics of the two types of transistor are 
such that in both, the output voltage is in phase with 
the input voltage for the grounded-base connection 
shown in Fig. 1. The input and output currents, how­
ever, are 180° out of phase in both types. 

A transistor construction which has been found useful 
for laboratory studies is shown in Fig. 2. The germanium 
wafer assembly and the contact spring assembly are 
force-fitted into a metallic sleeve which serves also as 
the base electrode. The germanium surface is etched as 
has been described6•7 for high back-voltage rectifiers, 
the etchant not being particularly critical. The con-

METAL 
SLEEVE 

INSULATING 
BEAD -¥,+t++-

CONTACT 
SPRINGS 

Fig. 2-Transistor construction used 
for laboratory studies. 

tact sprmgs are mounted on supporting pins which have 
previously been molded in a bakelite compound. The 
contact springs are phosphor bronze wires, 0.002 inch in 
diameter. Their tips are usually several mils apart; the 
wider spacing shown in Fig. 2 was used for clarity of 
illustration. 

The ability of the emitter to inject electrons into 
p-germanium is greatly increased by an electrical form­
ing treatment. 8 If desired, both point electrodes may 

8 J. Bardeen and W. G. Pfann, "Effects of electrical forming on 
the rectifying barriers of 11- and p-germanium transistors, n Phys. 
Rro., vol. 77, pp.401-402; December, 1950. 

be pulsed, thereby enabling either point to be used as 
an emitter. 9 • 

The ac small signal performance of the p-germanium 
transistor at relatively low frequencies may be de­
scribed with the help of the equivalent circuit of Fig. 3. 
The impedance associated with the emitter contact is 
r., and because the emitter junction is usually biased in 
the forward direction, r. is small, of the order of hun-

rmi.e 

~ --------;~ 

'..'.! f ,, :':." 
Fig. 3-Equivalent circuit representation 

of the transistor. 

dreds of ohms. The impedance associated with the col ­
lector junction re is relatively high because the col­
lector is biased in the reverse direction. The impedance 
in the semiconductor common to emitter and collector 
currents, rb, represents a positive feedback. The transfer 
impedance rm represents the active properties of the 
network. This network corresponds to the grounded­
base connection. 

,o s 
le= 2 MA 

<J) 

~ 
I 
0 

rm 

I re 

\ 
\ 
~ r---

'-
0.2 

rb 

0.4 0.6 
MILLIAMPERES 

O.B 

Fig. 4-Small-signal self- and transfer-impedances of a 
representative p-germanium transistor. 

-

1.0 

Some properties of a representative p-germanium 
transistor are shown in Fig. 4 in terms of these imped­
ances. The r's are plotted as functions of emitter cur­
rent for a constant collector current of +2.0 milliam­
peres. At values of emitter current above a few tenths 
of a milliampere the impedances have the following 
approximate values: 

, .• ,..._, 200 ohms 
rb ,..._, 100 ohms 

re ,....., 12,500 ohms 
rm ,....., 22,000 ohms 

• W. G. Pfann, correspondence, "The transistor as a reversible 
amplifier," PROC. I.R.E., this issue, p. 1222. 
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The ratio,./,, is approximately equal to a, th_e current 
multiplication factor and as may be seen, a is grea~er 
than l usuallv being from about 1.5 to 2· Th_e sig-

. ' · . f th h ·cal operation of mficance of a> 1 ,n terms o e P Y51 

the transistor is that a given change in emitter current 
. th t through the col-causes a larger change m e curren 

lector. . 
As in the case of n-germanium, the g~m _of the p-ger-

manium transistor falls off at frequencies m ~he mega­
cycle range. Although we do not have an e?tirel): com­
plete comparison of the n and P devices, m which all 
quantities except frequency response are held ~on~ta,;i_t, 
it does appear that the p-germanium trans'.stor will 
operate at higher frequencies. Cutoff frequencies abo,:e 
15 megacycles are common. (The cutoff frequency 1s 
that at which a is down 6 db.) Measurements of cutoff 
frequency haYe been made by Rack and are plotted 
against distance between emitter and collector for both 
types of transistor in Fig. 5. 
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Fis. 5--Cutoff frequency of r.-germanium aod_1>-gumanium transis-
u,rs as a funcuon of distaoce ber,,·een enuner and collector. 

An inherent feature of the p-germanium transistor 
may be at least partly responsible for its superiority in 
frequency response. It has been shown by recent meas­
urements10 that the mobility of electrons in germanium 
exceeds that of holes by a factor of about 1.5. Since the 
emitted carriers in the p-germanium transistor are elec­
trons, and since it is dispersion in transit times of 
emitted carriers which limits the operating frequency, 
the observed superiority of the p-germanium transistor 
is at least partly to be expected. 

The p-germanium transistor has a peculiarity which is 
found when the germanium is of particularly high 
resistivity. In such instances the forward current-volt-

11 W. Shockley, G. L. Pear110n, and J. R. Haynes, "Hole injection 
in germanium," BtUSys. Tech. ]()Ur., vol. 28, pp. 344-366;} uly, 1949. 

age characteristic of the emit~er has a negative resist­
ance region of the voltage-maximum type, the peak volt­
age being on the order of scv:ral tenths of a vol~­
When the emitter bias exceeds this peak voltage, and 1f 
the series resistance in the emitter circ uit is low, a sud­
den increase in I, occurs which causes a corresponding 
change in the collector circu it. This action has been 
called the snap effect and may be seen in Fig. 6, which 
is a photograph of an oscilloscope trace in w~ich the 
current-vol'tage characteristic of the collector Junction 
is traced out at a frequency o f 60 cycles per second, 
the voltage axis being horizonta l, c urrent a x is vertical. 
The nearly horizontal portion o f the t race represents the 

Fig . 6---0scillograph pa ttern sh owing "snap"' effec t 
in p-germaniu m tra ns is tor . 

reverse current through the coll ec tor for a n e mitter bias 
which is barely below the voltage m aximum. At the ex­
treme tip of the characteristic a sm a ll am o u nt of posi­
tive feedback due to increase in coll ector c urrent has 
caused the emitter bias to just exceed the voltage maxi­
mum. As a result the collecto r trace s naps suddenly to 
the high-current position as indica ted by the vertical 
trace. The return trace rem a ins in the low resistance 
position until the current falls to a sm a ll v a lu e , where­
upon the characteristic again "snaps" back to the high­
resistance position . 

It is emphasized that the negative resista nce in the for­
ward current-voltage characteristic o f the e mitter is a 
diode effect, which can occur in a single point contact 
top-germanium. It should not be confused with a sim­
ilar effect which can be produced in an ordinary trans­
istor by placing positive feedback resista nce in the com­
mon base lead. However, the finite value of rb does enter 
into the explanation of Fig . 6. 

On the basis of a limited number of measurements 
there docs not appear to be a significant difference in 
noise performance of n- and p-germanium transistors. 
Noise figures for n-germanium transistors are given in 
the literature. 11 

11 R. t\l . Ryder and R. J. Kircher, "Some circuit aspects of the 
transistor," Bell Sys. Tech. lour., vol. 28, pp. 367- 400; July, 1949. 
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Fig. 7-Current-voltage _characteristi<; of colle~tor junction in a 
represen tat1ve p-germanium transistor. 

While it does not appear to have been recognized gen­
erally, 12 •13 usef u I point con tact rectifiers can be made 
with p-germanium. We have found that rectifier proper­
ties approaching those of high back-voltage n-germa­
nium can be obtained by pulsing high-resistivity, ther­
mally-converted p-germanium. The forward resistance 
before pulsing is high, on the order of thousands of ohms 
at one volt, but is greatly decreased by pulsing, to 
values on the order of 100 ohms or less. The reverse re-

12 See p . 63 of footnote reference 7. 
"W. C. Dunlap, Jr. , and E . F. Hennelly, ''Non-rectifying," Phys . 

Rtv., vol. 74, p . 976; October, 1948. 

sistance is essentially unaffected by pulsing, and peak 
reverse voltages above 100 volts are common. A theo­
retical interpretation of electrical forming effects in n­
and p -germanium has been made by Bardeen and 
Pfann. 8 

In Fig. 7 are shown the current-voltage characteris­
tics ?f the col!ector junction in a representative p-ger­
mamum transistor at zero emitter current. Here, the re­
verse impedance is lower than the highest which can be 
obtained for it has been found, in common with then­
germanium transistor, that too high a reverse imped­
ance is incompatible with best collector performance. 

The attainment of transistor action in both n- and 
P-germanium provides further illustration of the dual 
nature of conduction processes in semiconductors such 
as germanium. In the n-type transistor, positive holes 
are injected into a semiconductor normally having an 
excess of electrons; in the p-type transistor, electrons 
are injected and the semiconductor normally has an 
excess of holes. In general, the properties of the n- and 
p-germanium transistors are similar, although in devices 
made up to the present time then-germanium device ap­
pears to be superior in a and inferior in frequency re­
sponse to the P-germanium transistor. The present dif­
ferences may be as much a result of the early status of 
transistor technology as of fundamental differences 
between the semiconductors themselves. 
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The Transistor-A New Semiconductor 
Amplifier 

J. A. BECKER 
FELLOW AIEE 

"TRANSISTOR" is the name which has been given 
to the semiconductor amplifier triode recently de­

veloped at the Bell Telephone Laboratories. The prefix 
"trans" designates the translational property of the device, 
while the root "istor" classifies it as a solid circuit element 

J. N. SH IVE 

CONSTRUCTION OF TRANSISTORS 

The type-A transistor consists of a s'mall wafer of the 
semiconductor germanium onto one surface of which two 
point contacts are made, side by side and close together. 
These contacts, together with their immediate electric con­

in the same general family 
\\ith resistor, varistor, and 
thermistor. 

A transistor differs advan-
tageously from a vacuum 
tube in sev era! important re­
spects. It has no vacuum. 
It has no filament; conse­

This article describes the construction, char­
acteristics, and behavior of the newly discovered 
device, the transistor. Used as a semiconductor 
amplifier, it works on an entirely different prin­
ciple and is capable of performing the same 

nections, are called the 
"emitter" and the "collector" 
respectively, for reasons 
which will appear later. A 
large-area contact to the op­
posite surface of the wafer is 
called the "base electrode." 
These clements are assembled 

tasks now done by the vacuum tube triode. 

quently, it consumes no filament power and requires no 
warm-up time. It is both smaller and lighter than any 
commercially available vacuum tube. Within the pres­
ent limitations of their power handling capacity, noise, 
and frequency response, transistors can perform many 
of the tasks now performed by vaouum tube triodes. 
They have been successfully demonstrated in radio-fre­
quency, intermediate-frequency, and audio-frequency am­
plifiers, oscillators, mixers, and pulse generators. 

The transistor principle was discovered by J. Bardeen, 
\'V. H. Brattain, and W. Shock.ley 1,2. 3 in the course of 
theoretical and experimental studies on the possibility of 
controlling the resistances of thin semiconductor layers 
by the application of electric fields strong enough to pene­
trate their surfaces. In the course of these investigations 
Bardeen and Brattain found that when two suitably ar­
ranged contacts are made to the surface of a semiconductor, 
the current-voltage relationship of one of them can be 
altered by the passage of current through the other. The 
extent of this interaction is such that a small signal intro­
duced into a circuit containing the control contact is re­
produced in amplified form in the circuit containing the 
main contact. 

This article describes the characteristics and behavior 
of two kinds of transistor which have received considerable 
study at the Bell Telephone Laboratories and which 
differ from each other in appearance, construction, and 
electrode geometry. The first of these, the type-A trans­
istor, has been made in considerable numbers, and is 
available for experimental- use. The second kind, the 
double-surface transistor, is still in early-stage development. 

.-td12~:z.!1derrnit1. \\'c ....-lSh 10 thank our many coUc.aguc:s at the Br.II Telephone Labora­
torie1 who ha,·c made contriLudons of malcrial and ad,·ic.e in the cour?.C of our prep,..ra-
1ion of thU a.riicle. In partin.ilar, ~c .ilre pleased 10 acknrJw)edi:;e our indcb1cdne:u 
to J. ,\. Lcharu for hi, mea.mremen1s of the 51..Jlic characteris1iu of Fig1. 5 to 8; 10 H. C . 
. Monti;omC"r)" for 1h,: data on 1r.1miuar nois'!, induding 1he inform.a1ion prcsi:nlcd in 
Fi,-:1. JO and 11; to C. 0. Mallinckrodt for lhe results of his 11udics on 1he frequency 
dcptndanr.c: u( a •pixarin; in ht:", 12; lo,\. J. Ra.ck for hi1 findings on the frequency 
dt"pt"ndencc u( r,., re, fb .a nd r.,., and 10 J. A. !-.fcrton .&nd R. M. Ryder for cri1ical 
discunior..s on n,:twork analysis. \\o'e ~-iJh 10 poinl ou1 1}1a1 the dt:Sign and proctl!U'ig 
of 1he 1ype A uansl51or follow clo~ly d1ou: of .iln earlier rnodcl whith wa.1 dCv'clopcd 
by \\'_ G. Pfann. Tbi.s mOOd Wa!I sub-..c:quen!ly modifi~d by R. J. Kirc.bcr 10 adapt 
i1 10 1hc pre!eDI 10ck.e1ir.g scheme. 

into a cartridge which 1s pictured in full and cutaway 
photographs in Figure 1. To assist in the understanding 
of the relationship of the various parts, the longitudinal 
section drawings of Figure 2 are presented. 

In the fabrication of a type-A unit a slice of germanium 
cut from a high-back-voltage ingot is ground flat on both 
sides, copper-plated and tinned on one side, and diced into 
small squares with a diamond wheel. One of these squares 
then is sweated onto the brass base plug which, after the 
administration of the proper surface treatment•, 5 to the 
germanium wafer, is force-fitted into the base end of the 
cartridge. 

The contact assembly is made by molding the two sup­
port pins into a cylindrical plug of insulating material. 
The 0.005-inch phosphor bronze wires, which previously 
have been pointed at one end by bevel-grinding and polish­
ing, are spot-welded to the ends of these pins. 

After welding, the wires arc bcnt~- 5 in a jig into the 

FuU l~I o(con(erence paper, "The Traml.91or, a New Solid State Amplifier," rec.om• 
mended by the AIEE technical program comrninee for presentation at 1hc AIEE 
winter general meeting, New York, N. Y., January 31-February 4, 1949. 

J. A. Becker and J. N. Sbi\·e are with lbe Bell Telephone L;"tboralori~ , Inc., ~forray 
Hill,N.J. 

I . 
I - - ~ ...ft~"' 

Figure I. Full-view and cutaway photographs of the type-A 
transistor 
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Figure 2. Longi­
tudinal section 
drawing, of the 

type-A transistor 

cantilever form shown in Figures 1 and 2. After a final 
manual adjustment of the points to equal vertical clearance 
and specified lateral separation, the assembly is forced into 
the other end of the cartridge until contact is made be­
tween the points and the germanium surface. An addi­
tional 0.002 inch push compresses the springs enough to 
insure that the contact will be permanent under conditions 
of ordinary use . The cartridge then is wax-filled 1, 6 to 
improve its mechanical stability. After a final electrical 
forming treatment 4• 6 of one or both contacts, the emitter­
collector polarity is selected, and the e lectrode pins are 
appropriately bent according to the scheme of Figure 3. 
The metal case is the base connect ion of the unit. The 
size of the type-A transistor ca n be see n by comparison 
with the scale in F igure 1. Its weight is 1. 3 grams. 

The double-surface tra nsistor 6 differs from the type-A 
device in that the emitter a nd collector points bear on the 
opposite faces of a thin piece of semiconductor, to which a 
large-area base contact a lso is provided. This form of 
transistor first was produced with germanium in the sha pe 
of an acutely tapered wedge, with the two contac ts bearing 
oppositely near the t h in edge. A m ou nted form of the 
double-surface transistor is d escr ibed in a companion 
article by W. E. Kock a nd R. L. vVallace, Jr., a ppearing 
elsewhere in this issue . 7 In this model the germanium is 
cut into a pill-shaped cylindrica l w afer with a dimple 
ground into the ce nter of one or both sides, so that the 
thickness at the center is only a few thousandths of a n inch. 
Here the emitter and collector bea r oppositely upon the 
semiconductor in a coaxia lly a rranged ca rtridge mounting . 

CONVENTION R EGARDING SIGN O F 
C UR RENTS AND VOLTAGES 

Since transistors undoubtedly will receive considerable 
attention in the engineering literature, it is desirable that 
all engineers use the sam e convent ion regarding direction 
of voltages and c4rrcn ts. This m a tter has been investi­
gated at the Bell Telephone Laborntories by a group of 
engineers who have made the ten ta tive proposals that: 
all voltages arc to be referred to a common reference, which 
in this article will be taken as zero for the potential of the 
base; all currents are positive if they flow in the direction 
that positive voltages would produce. This convention is 
illustrated in Figure 4, which shows a schematic diagram 
of a transistor circuit in which the a rrows for currents and 
voltages indicate positive directions. In most transistors 
made at the present time Ei, V., and / 1 are positive, 
while E2, V2, and / 2 are negative when the transistor is 
properly biased for class-A amplification. · Cases have 
arisen, however, in which this is not true and more such 

cases unquestionably will arjse in the future. This con­
vention, which is consistent with the new proposal for 
electron tubes being made by the Institute of Radio 
Engineers, may afford a simple and unambiguous method 
of describing these cases. 

STATIC CHARACTERISTICS OF TRANSISTORS 

In a transistor both the emitter and the collector contacts 
are rectifiers. The emitter contact is operated in the 

· forward or low resistance direction while the collector is 
operated in the reverse or high resistance direction. When 
the points are far apart the emitter currents and voltages 
do not affect the collector currents and voltages. How­
ever, when the contacts are near each other, the collector 
voltage versus current relation is greatly affected by the 
values of the emitter current or voltage. This interaction 
is shown for a representative type-A unit in Figure 5. This 
is a plot of V2 versus / 2 for a series of constant values of ]1 

(solid lines) and for a series of constant values of V1 (dashed 
lines) . 

Current is chosen as the independent variable because 
such a choice simplifies the physical interpretation of the 
ac tions in the transistor, the voltages are single valued 
fun ctions of the currents, and in certain regions of their 
characteristics, transistors sometimes become unstable 
when the external terminals are short-circuited to alternat­
ing current . 

In Figure 5 the solid line for which 11 =0 is merely the 
voltage versus current curve for the collector as a diode 
when the e mitter circuit is open. If a constant positive 
current is made to flow in the emitter circuit, the resistance 
in the collector circuit decreases and the curves shift toward 
la rger negative currents. Ove r a considerable region of 
the plot , the increase in the collector current for a constant 
collec tor voltage is greater than the change in the emitter 
current producing it. This means that the transistor is a 
current a mplifier with a current amplification factor 

M2 
a=- greater than unity. In most units a is approxi-

6.11 
ma tely 2.0. Occasionally values higher than ten are 
found. Even if a is only 1.0 or less, power gains still arc 
obtained since the current is transferred from a low re­
sistance circuit to a high resistance circuit. 

If the emitter contact is directly connected to the base 
the V2 versus 12 relationship is shown by the dashed curve, 
marked V1 = 0. Similarly, if the emitter is connected to 
the base through a battery having zero internal resistance 
a nd a small positive or negative electromotive force, the 

COL. 

~ 
BASE 

POLARITY 
SCHEME 

EM. COL. 

¥ 
BASE 

CIRCUIT 
SYMBOL 

Figure 3. Polarity 
convention and cir­
cuit symbol for 

type-A transistor 
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series of dashed curves is obtained. Note that these dashed 
curves may have negative slopes, indicating negative varia­
tional resistance when Vi and /1 ha,·e relatively large 
values. This means that for low input and output re­
sistances the transistor may be unstable . Stability can be 
secured by inserting a sufficiently high resistance in the 
output circuit. The same result can be accomplished by 
including a high resistance in the input circuit. 

Note that any two of the four quantities Ii, Vi., ls, Vi 
determine the other two. The interrelationship between 
these quantities can be presented profitably in three other 
plots describing the sarue unit. The data for these three 
plots all are contained in Figure 5. Figure 6 shows curves 
of V. \"ersus /1 for a series of constant ,·alues of / 2. The 
curve for /1• 0 is the forward voltage-current diode charac­
teristic of the emitter contact. This figure shows the 
influence of various collector currents on the forward 
characteristics of the emitter. In this case, for a constant 
1'1, the increase in / 1 is always less than the corresponding 

. . t:..J, 
increase in /2; that IS, - < 1. . t:..J, 

Figure 7 shows how the collector voltage varies with 
the emitter ·current for constant collector currents. From 
these cutves it is seen that the collector voltage for a con­
stant collector current decreases rapidly for rather small 
increases in emitter current. This must mean that the 
resistance near the collector decreases rapidly for an in-

_!i_ ___!z___ 

Firure 4. C.Onven-

··i 
Ei k_ i ,, tinn for direction• Vt ~ Vz 

of voltage1 and 
current1 in tran.1- BASE 

i1tor circuits Et E2 

crease in emitter current. As will appear more clearly 
later, the slopes of these curves measure the forward transfer 
resistance for a-c currents in the emitter circuit. 

Figure 8 shows how the emitter voltage varies with the 
collector current for a series of constant emitter currents. 
For I,= 0, the emitter is "floating" and this curve measures 
the floating potential of the emitter for various values of 
the collector current. For positive emitter currents, the 
decrease of Vi with /2 is less rapid. The slopes of these 
curves measure the feedback resistance for small a-c currents 
impressed in the collector circuit. 

LARGE SIGNAL PERFORMANCE 

From the data in Figures 5 and 6 it is possible to predict 
the input current and output current for any electromotive 
force and external resistance in the input circuit coupled 
with any electromotive force and load resistance in the 
output circuit. To do this one proceeds as follows. Draw 
a load line across the curves of Figure 5 with voltage 
intercept equal to the electromotive force in the collector 
circuit and negative slope equal to the load resistance . 
Draw another load line across the curves of Figure 6 
appropriate to the values of external resistance and electro-

Figure 5. Family 
of collector char­
acteristic1 for type-

A transistor 
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motive force in the emitter ci rcuit. R e plot this emitter 
load line on the collector cha racteristics of Figure 5. The 
point of its intersection with the collec tor load line will 
be an operating point of the transistor. Changing the 
signal voltage in the emitter circuit will cause a change in 
the position of the emitter load line . 

By following through with this procedure the correspond­
ing successive instantaneous operating points of the trans­
istor can be obtained . The large sign .:i l performance thus 
can be deduced in a way ana logous to th a t used for vacuum 
tube performance . 

SMALL SIGNAL PERFO RMANCE 

The small signal perfo rmance a bout a n y particular d-c 
operating point can be deduced easily by analysis with ref­
erence to an equivalent circuit. From this equivalent 
circuit the a-c behavior of the transistor can be calculated 
for any input and output conditions. In particular, 
equations can be derived for input impedance, output 
impedance, and power gain . 

Since we wish to consider currents as inde pendent 
variables, we can write 

V. = f, (I,, I,) 

V, = f,(I,, I,) 

(I) 

(2) 

where/1 andf2 are functions de termined by the experiments 
from which Figures 6 and 5 are plotted. 

By expanding these functions in a Taylor series about 

Figure 6. Family 
of emitter charac­
teristics for type-A 
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·0.5. 
0 0 

0 

Figure 7. Family 
of forward tranofcr 
charactcriotic• for 

type-A tran•i•tor 

any d-c operating point and considering only first order 
terms, we obtain the following equations; 

?J}i bf, 
AV.=- M,+-M, 

?JI, ?Jl, 

?Jf, bf, 
AV,=- M,+- t..l, 

?Jl, ?Jl, 

In these equations the partial derivatives with respect 
to one current imply that the other current is kept constant. 
The partial derivatives have the dimensions of impedances. 
Therefore, we may write 

'l>f, ?JV, ' h · · d f . . d - = - = R 11, t e mput ,rope ance or a-c open-circu1te output 
?Jl1 ?JI, 

?J/1 ?JV, - = - = R'11, the backward transfer impedance for a-c open-cir• 
'?JI, ?JI, 

cuited input 

'l>f, ?JV. ' · d ' . . d - =- = R'u , the forward trans,er ,rope ance ,or a-c open-circu1te 
?Jl, ?JI, 

output 

'l>f, ?JV,. , · · · d · - =- = R .,, the output unpedance for a-c open-c1rcu1te mput 
?JI, ?Jl, 

In terms of the static characteristics already presented 

R'u=slopes of curves of Figure 6 
R'u=slopes of curves of Figure 8 
R'11 =slopes of curves of Figure 7 
R',. = slopes of curves of Figure 5 

Well-known linear network theory 8 leads to a number 
of possible equivalent circuits containing resistances and 

12 MA 
· ,:.4--'·3:;,.__·_,.2 __ ·;...._ l_.,:;O _ ____;I O.B 

l~wC--,-"-+-'=,"--f---cJ.<C-~Q ~ 
..J 
0 
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>-

t---+.-11..-:A-+---+----1--1.o.a 

Figure 8. Family 
of backward trans­
fer characteristics 
for type..'.'A trans-

istor 

internal generators. A particularly useful form of equiva­
lent circuit is shown inside the dashed box in Figure 9. 
In this circuit there arc three resistances: r. associated 
with the emitter contact, r, with the collector contact, and 
rb 'with the base contact. The active property of the 
network is described by the inclusion of an internal gen­
erator rmM1 whose electromotive force is the product of 
the mutual transfer resistance rm and the variation of the 
input current 1111. The convention for positive currents 
and voltages is as shown by the arrows in this figure. The 
quantities M 1 and M 2 can be replaced by alternating cur­
rents i1 and i2 whose value is small compared with the bias 
currents 11 and l2. The figure does not show the external 
batteries and bias currents. v, is an alternating voltage 
signal generator in the input circuit. 

It is easy to deduce then, that the four resistances in 
this equivalent circuit are related to the open-circuit 
input, the output, and the transfer resistances by the fol­
lowing equations: 

R'u = r,+rb 
R'u=rb 

R'., =rm+rb 
R',. = r, +rb 

From Figures 5 to 8 it follows that the open-circuit 
resistances and hence the parameters in the equivalent 
circuit will depend on the values of the bias currents /1 and 
12• They also will vary from one unit to the next. For a 
representative type-A transistor in a good operating region 
the equivalent circuit resistances might be; r,=250 ohms; 
rb=250 ohms; r,=20,000 ohms; rm=40,000 ohms. 
Since transistors are in an early stage of development, 
appreciable variations from unit to unit are to be expected. 
As the transistor art develops these variations undoubtedly 
will be reduced. 

The following expressions can be derived from circuit 
analysis of the equivalent circuit. Numerical examples 
are given for R 1 = 500 ohms, R2 = 10,000 ohms, and the 
typical equivalent circuit values have been given in the 
foregoing paragraph: 

, R'uR'u 
Input impedance Ru=R u--R' R 

n+ • 

R'11R'21 
Output impedance R,,=R',,-R'n+R, 

= (r,+rb)- rb(rm+rb) ~ 20,000-10,000 = 10,000 ohms 
,.+,b+R, 

Power to matched load 
Available gain= . 

Maximum power available from generator 

R1 / R'21 \
1 R, / r.,+ro \' 

= Ru\R'n+R,) = R.,\,.+rb+R,} 

c:,,,SO (or 19 decibels) . 

Maximum available gain=Available gain when R,=Rn 

= - --- ~130 (or 21 dec1bds) Ru( 0 R'11 ') . 
R,, R'u+Rn, 

If r0 is reduced to zero these expressions for impedance 
and gain become much simpler. Also, the gains become 
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smaller because of the elimination of the positive feedback 
supplied by finite r1• Thus: 

Ru =R'u=r,=250 ohms 
R,, .rR',,- r, = 20,000 ohms 

R,( R'u )' • R,( '• )' Availablegain•- --- c::,-. -- o,e7J 
R',. R'u+R, r, r,+R, 

R'u{ R'u \I (R'11)1 Ir,. 1., °" 
Maximum a\'ailable gain=- - I a --- - - - - ""'uv 

R'., \2R'u/ 4R'nR'u 4 r,r, 

In transistor production it is considered desirable to keep 
r

1 
as small as possible, despite the reduction in available 

gain. This prO\ides a greater margin against instability. 
Feedback always can be supplied externally when desired. 

A family of collector characteristics for a double-surface 
unit is presented in Figure 4 of the afore-mentioned Kock­
'Wallace article. The chief point of difference between 
these curves and those for the type-A unit of Figure 5 is in 

Table I. Comparuon of D-C and A-C Measurements of Transistor 
Circuit Constants 

Slope of 
A-C Static 

L I, Me.uur~ Cb.a.racier-

(Milli- (M;n;. Circuit m,ut i,tic 

PoiDl ■mperH) ■mperet) C.Oa1ta..nt (Ohm,) (Ohm1) 

t. ..... .... 0.75 .... .••••• 2. S .•••• ...... R'u ...... .. 575... .. .. • 525 
R'u . . . . .. . . 272........ 288 
R'n ......... 50.000 ... . . ... 53.500 
R'o ...... . .. 28.000 . ... . ... 25 .600 

2 .•.•..•.•. 0.25 .•.• .• •••• 1.S ••••• .. . ... R'u.... .... . 925 ........ 1.0-40 
R'u......... 278.. ... . . 270 
R'o . ....... . 67 .000 .. .. .... 73,000 
R'n ......... 31,000 .... . .. . 28,000 

J .......... 0.5 .•......•. 1.5 ........... R'u......... 625... ..... 580 
R'u...... . .. 252........ 2~0 
R'o .. ....... ◄ 3!'400 ... ..... 45,JOO 
R'o ........ . 22. 900 .. . ... . . 20,800 

4 .... ...... 1.0 .......... 2.5 .......... R'u..... .... 520... . .. .. 480 
R'u......... 266... . .... 240 
R'o ...... .. . 46,500 . . ...... 39.500 
R'o ........ 26,400 ........ 2].000 

the relative positions of the dashed lines for constant fi. 
This difference can be accounted for by the fact that the 
feedback resistance r1 is about 250 ohms for type-A units, 
while for double-surface units it is around 500 ohms. 

COMPARISON BETIVEEN PARAMETERS DETERMINED 
FROM STATIC CHARACTERISTICS AND FROM 

A-C METHOD 

Table I compares the values of R'11, R'u, R'2i, and R'~ 
detecmined from the slopes of the d-c static characteristics 
with the values determined by an a-c test equipment de­
signed by J. H. Felker for the direct measurement of these 
quantities. In the latter case the a-c test current was 
10-, ampere at a frequency of 5 kc per second. The 
comparison is given for the four bias conditions indicated 
by circles i~ Fig~res 5 to 8. The agreement is as good as 
the uncertamty m the determination of the slopes of the 
curves. This f~ct justifies the assumptions underlying the 
network analysts and shows that the equivalent circuit 
constants are the same at 5 kc per second as at zero cycles 
per second. 

r - 7 
,--____.--r--,/\re\..-.---,-~1 _Qnf.I,: hl2 

Vg 

: I 
'---------------------- -,1 

Figure 9. Equivalent T network for describing transistor •mall 
signal performance 

POWER-HANDLING CAPACITY 

A complete analysis of the power delivering ability of 
a transistor can be made from data of the sort presented in 
Figure 5. As with vacuum tubes, the maximum useful 
power obtainable from a transistor is a compromise with 
allowable distortion. The transistor of Figure 5, operated 
on a 25,000-ohm class-A load line about the biasing point 
represented by circle number 1, would deliver six to eight 
milliwatts of useful power with a distortion tolerable in 
the final stage of an ordinary audio amplifier. In class-B 
operation, typical units of both types deliver 25 to 30 
milliwatts per push-pull pair. Occasionally units are 
found from which 50 or 60 milliwatts of reasonably un­
distorted power can be obtained per pair. 

FORMING TREATMENT 

When the two point contacts are pressed first against 
the germanium they are likely to have similar characteris­
tics, and either point may be used as the collector. In 
some cases, the emitter current in the forward direction 
may have only a small influence on the collector charac­
teristics. Transistor action usually can be improved by a 
forming treatment. 1 

One such treatment comprises passing a relatively large 
current through the collector point in the reverse direction. 
The effect of this process is to reduce the reverse resistance 
of the collector and to increase the influence of the emitter 
current on the collector characteristics. 

NOISE IN TRANSISTORS 

In discussing transistor noise, use will be made of a 
theorem 9 which states that the noise in a 4-terminal network 
can be considered as originating in two noise generators 

Figure 10. , Transistor noise equivalent circuit 
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included in two of the arms of the network, whose other 
components are regarded then as ideally noiseless. In 
the transistor equivalent network already developed, the 
two generators will be considered as voltage generators, 
placed in the emitter and collector arms of the circuit 
as shown in Figure 10. A generally satisfactory specifica~ 
tion of transistor noise now can be made by giving the 
noise voltage N, and N, of these two generators per unit 
band width, the dependence of these voltages on frequency, 
and the magnitude and phase of any correlation existing 
between the voltages. 

In making measurements of these quantities, the trans­
istor under test is biased to a d-c operating point pre­
viously selec ted for good amplifier gain performance . The 
biases are applied through chokes having practically infinite 
impedances at all frequencies of tes ting interest. The open­
circuit noise voltages then are measured directly by placing 
a narrow-band voltmeter, such as a General Raciio wave 
analyzer, across the input and output terminals in turn . 
The frequenc y dependence of the noise voltages is obtained 
by sweeping the frequency spectrum with the pass band of 
the voltmete r. !vfeasuremen ts on· the corrcla tion between 
N, and , have been based so far on the challengeable 
assumption that, at least at low noise frequencies ("-'1 kc 
per second), any correlation between the two would be 
either wholly in phase or wholly in opposition. The 
voltages N, and N , are amplified unti l thei r rms amplitudes 
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Figure 12. Cur­
rent gain versus 
frequency plot for 
a typ e- A transistor 

are equal; the two instantaneous voltages then arc added 
under conditions such that the impedance to each is th~ 
same . as when each was measured separately, and the 
resultmg rms voltage is observed. If N. and N, a re com­
pletely rando~ and no correlation exists, the voltage sum 
would be vz times either one alone. For 100 per cent 
correlation with zero phase difference the voltage sum would 
be twice either voltage alone, and for 100 per cent correla­
tion with 180 degree phase difference the sum would 
vanish . 

Measurements of some of the foregoing noise quantities 
~a~e _been made for about three dozen transistors, including 
md1v1dua ls of both types. Typical values for the noise 
voltages arc J{,,...,_,1 microvolt and N,~100 microvolts in 
a band of unit width at 1,000 cycles per second Most 
of the units measured have noise voltages falling between 
one-third and three times these values . A generally 
accepted measure of noise performance in an amplifier 
is its noise figure, defined as the ratio of the noise power 
actually available from the output terminals to the noise 
power which would be available if N, and N, were bo th 
ze ro and the only contributing noise source were thermal 
noise in the input signal generator. For transistors with 
typical impedances and gain properties operated in typical 
circuits, the noise figures for a narrow band centered at 
1,000 cycles per second run from 55 to 70 decibels. Various 
ways of reducing the collector noise of transistors have been 
suggested and tried, some with success . It is expected 
that, by resorting to procedures by which noise has been 
successfully brought down in the crystal diode art, less 
noisy transistors will be produced. 

In the frequency variation of both N, and N,, it has been 
found approximately that the noise voltage squared per 
unit band width is inversely proportional to frequency . 
Figure 11 shows a typical noise versus frequency plot in 
which this relationship is demonstrated for N. and N •. 
The frequency dependence has been examined in detail 
from 20 cycles per second to 16 kc per second for some of 
the transistors investigated and determined by spot checks 
at 450 kc per second and one megacycle per second for 
occasional transistors . 

In most transistors, correlation between JV, and N, is 
found to exist, a lthough of unpredictable magnitude. 
vVithin the assumed restrictions on phase already stated, 
negative correlations up to 80 per cent have been found. 

FREQUENCY LIMITATIONS 

The highest frequency at which a transistor can be 
used in a g iven application is a matter of interest to the 
engineer. The information at present available on this 
subject indic-ates that useful transistor performance is 
limited to frequencies below about ten megacycles. 

Because of the comparative ease of its measurement as 
a ratio of two a lternating currents, the current a mplifica­
tion factor a has been studied in some detail as a function 
of frequency. Figure 12 shows plots of a versus f~equency 
for a type-A transistor at constant collector bias current 
and two different values of emitter bias current . The 
phase angle of a is plotted in the lower part of the figure 
for the same biasing cond itions. 
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Approximate measurements, on 
a limited number of transistors, of 
the indhidual elements of the 
equivalent circuit show that r,, r c, 

and '• arc reasonably constant up 
to at least ten megacycles per sec­
ond, that r. alone changes \,ith fre­
quency, and that the changes in ,. 
arc sufficient to account for the 
variations in a already presented. 

Table D. Equivalent Circuit Parameter• and Their Temperature Coefficienta 

11 and V1 Are K~pt Find for Each Unit 

,x 10• r, 6X 10• re /JX tO• 

ii ~o 2s o-u 2_5-50 " 0-25 u-so 
fJX IOI 

TraHiitar (Degru• Centigrade) (Degreet Centigrade) (Degue■ Ceotigrad~) 
25 0-25 21-50 
(Degrl!H Centirrad•) 

28 ... 280 ... 28 •.• 28 ... . 16,000 ... -2◄0 . .. -48 .... ◄ J,000 ..• +60 -2J 
Al790 ... .. 1 ◄ 0 ... 56.. . .. 220 28 -20 . . 36000 .. . +100 . . . - 160 . . . . ◄ 0,000 .. . ;-112 ••. -120 
AJ791. ... 108 ... ◄◄ .. - 2s .. · . .. . .. 20 ·•·• 9',300 . . . +12 . - ◄ B . ... 12,000 . +6◄ ... +16 
A2200 .... 107 ... 32 ... 32 .... IBO , • • 20 · · 40 40 
B89 ....... 210 .. . 16 ... -28 .... 147 ... 18 . •. 21. .. . 30,000 .. -40 ... -1 10 ... 52,000 .. . - "• -
890 ..... .. 500 ... 0 . .. 0 ... .. 315 .. . -7 . 8 ◄ .. 14,500 . -160 . +12 . 29,000 .. -80 ... -12 

These findings arc in accord with 
the existing knowledge that the 
forward and reverse resistances of 
germanium diodes are practically 

Table ill. 

Tntui11or 

Insertion Gain in Decibels Versus Ambient Temperature 

hand V1 Fi1:ed for Each Un.it 

0 25 50 
(D,greu Centigrade) 

Ei, R1, E1 , R1 Fi1Ced for Each Un.it 

0 25 so 
(Dt?greu Centigrade) 

constant io the frequency range 
depicted. The \'ariation of r,. with 
frequency can be attributed to a 
transit-time dispersion associated 
\\ith the interaction between the 
emitter and collector currents. 

A179D .....• . . . . • .... 26.2 ... .. . .. . . 26 . 2 . . . .. . . . . . 26 . 2 ..... . . . . .... 26 . 6 .. . . .. .... 27. 3 .. ..... . .. 26. 7 
A1791. ... .. . . . . . ... .. 23.3 .. .... . .. 24 . 3 .. ..• . ... . 25 .0 ... ....... . . . 22. 4 .. . . . ... 23. 5 ... .... .. . 22.9 
A2200 ..... . ... . . .. ... 18.9 .... . • . . .. 19.5 .. .... ... . 19 .9 . .... .. , . , ... 20 . 1 .. . . . ... 20.6 . ... . ..... 2~.~ 
BS? . . .. 26.2 ... . .. 26 . 5. . .. . 26 .0 .. . . 26.B . .l. 
890 .. . .. . .. 22.1. . ...24.0 .. .. ..... 23 8 . . 2 1. 6 .. . .. 23 . 3 . .. .. 23 . 8 

Some tentative verification of this 
transit-time supposition has been 
obtained in a set of a \'ersus frequency measurements on 
a series of double-surface units having different germanium 
thicknesses at the contact site. For units with thicker 
germanium the a curves fall off at lower frequencies, 
while the corrcspnding phase lags arc greater at any given 
frequency in the dispersion region. 

Double-surface transistors do not differ greatly from 
type-A units in the frequency dependence of a. 

AMBIENT TEMPERATURE EFFECTS 

In planning for th~ practical application of the transistor 
it is necessary to know the effect of the changes in ambient 
temperature which the device may experience in use. 
Experiments were performed to obtain such information. 

The characteristics of three type-A and two double­
surface transistori; were measured successively at 25, 50, 
25, 0, and 25 degrees centigrade. The performance charac­
teristics chosen were the equivalent circuit parameters 
and the insertion gain. Since the d-c bias conditions 
change with ambient temperature it is necessary to decide 
which bias conditions arc to be kept constant. For one 
set of tests, / 1 and V2 were chosen for each unit at 25 degrees 
centigrade so as to maximize the gain and minimize the 
distortion. These bias conditions then were kept constant 
for succeeding ambient temperatures. The results are 
given in Table II and the left part of Table III. In Table 
II, the -quantity fJ is the temperature coefficient for the 
corresponding resistance .. Values of fJ are given for 0 to 
25 degrees centigrade and for 25 to 50 degrees centigrade. 

It is to be noted that the temperature coefficients are 
moderate and that they may be either positive or negative. 
The coefficients for '& and r, are smaller than those for ,, 
and '•· The largest values occur in r, and may amount 
to about one per cent per centigrade degree. 

In another test the external electromotive forces and re­
sistances were kept constant for each unit. R1 was 500 
ohms for all units. R2 was 20,000 ohms for type-A and 
10,000 ohms for double-surface: units. For each unit, 

£1 and £2 were chosen to maximize the rain and minimize 
the distortion at 25 degrees centigrade and then were kept 
constant at succeeding temperatures . In this test only the 
gains were measured. The results are given in the right 
side of Table III. The gain changes are similar to those 
in the left side of Table II I. 

In most cases the gain increases with temperature. The 
increase may amount to one decibel in 25 degrees centi­
grade. Between 25 and 50 degrees centig rade the gain 
may decrease by a fraction of a decibel. These changes in 
gain are less than might be expected from the changes in 
equivalent circuit constants, probably due to the fact that 
changes in circuit constants tend to cancel each other. 

In the course of these tests it was found that the values 
of the circuit constants determined at 25 degrees centigrade 
after a treatment at either 50 or O degrees centigrade 
differed from the original values by as much as a factor 
of two either up or down. Similarly the gain might per­
manently increase or decrease by about two decibels. 
Such changes are due to slight shifts in either the collector 
or emitter points resulting from stresses caused by the 
different expansion coefficients of the materials used. 
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The Coaxial Transistor 

WINSTON E. KOCK R. L. WA LL A C E, J R. 

'T"HE TRANSISTOR is 
l a semiconductor ampli­

fier using two point contacts 
pressing against a small 
block of germanium. It has 
been described by J. Bardeen 
and W. H. Brattain.1 When 

The success of the earlier types of transistors led 
to the exploration of other forms of similar ampli­
fiers, one of which is the coaxial transistor. A 
description of its construction, characteristics, 
and many advantages are contained in this 

ground and lapped into the 
faces of the disk by means of 
a spherical tool. The ger­
manium wafer was placed in a 
mount shown in Figure 1 
and held in place by spring 
pressure. In the cutaway 

article. 

the two point contacts are 
placed close together on the surface, and proper bias 
potentials are applied, there is a mutual influence between 
one contact, called the "emitter," and the other, called 
the "collector," which makes it possible to use the device 
to amplify electric signals. 

Shortly after the discovery of the transistor, J. N. Shive 
of the Bell Telephone Laboratories observed that ampli­
fication also could be obtained with a germanium wedge 
when the emitter and collector points were placed on 
opposite sides of the wedge.: In this construction the 
germanium wedge is narrowed down to a sharp edge and 
the point contacts are placed on opposite sides at a point 
where the wedge is only a few thousandths of an inch thick. 

II 
.Y"'J~ ,O:!'tf/ / 

~~ING •A.3"'[.R (2) 

Fi,ure 1. Cutaway view of firJt experimental coaxial transistor 

The success of this unit led to the exploration of other 
forms of such amplifiers, one of which will be described 
here. 

Investigation of the wedge device seemed to indicate 
that the current passing between emitter and collector 
actually was passing through the semiconductor and not 
arowid the wedge surface. Thus the effect was apparently 
not _a surface phenom1c:non but rather a current ampli­
ficat10n process occurring within the semiconductor itself. 
If this were true, transistor action also should be possible 
~y reproducing the wedge geometry in circularly symmct­
nc~I form, thereby providing complete shielding between 
emitter and collector points. These considerations when 
taken into account led to the development of the ~oaxial 
transistor. 

CONSTRUCTION. 

A disk of germanium, one-eighth inch in diameter and 
20 mils thick, was cut from a thin slab of germanium by 
means of a hole saw. Two dish-shaped depressions were 

view shown in Figure 1, (7) 
indicates the germanium disk, and (2) the spring washer, 
and the point contacts are seen to press against opposite 
sides of the disk. Most of the parts in this assembly are 
standard piece-parts used in the manufacture of single 
point rectifiers. For the experimental models, the in­
sulating portions, (3) in Figure 1, were made of lucite for 
ease of fabrication . A photograph of this construction is 
shown in Figure 2 with the individual components spread 
out for observation. 

The germanium disk, normally grounded electrically 
is seen to provide an electrostatic shield between the 
emitter and collector points, and all three parts-emitter 
point, collector point, and germanium disk- arc seen to 
be coaxial. 

PROCESSING PROCEDURE 

It was found experimentally that high polish of the active 
surfaces of the germanium allowed the passage of higher 
collector currents before burnout occurred. Therefore, 
the spherical surfaces were polished with a very fine grade 
of diamond lapping compound and followed w ith an elec­
tropolish operation. Where maximum current capacity 
is not reqt.:ired, the usual transistor treatment of etching 
and later electrically forming the collector point by passing 

Full t_cx t of conference pa_per, "The Coaxial Trarui.stor/' recommended by the AIEE 
tcchoaca1 program comm1tu:c for presentation ar the AIEE winier general mcctiog, 
New York, N. Y.1 J.anuary 31-February ◄, 19 ◄ 9 . 

W
1 

i.aaton E. Ko~k and R. L. W~ce, Jr. arc with the Bell Telephone Laboratoric,, 
ne., Murray H11J, N. J. 

!ht authon wish to acknowledge 1hc aid of their anociatCJ. They particularly arc 
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Figure 2. Ezploded view of model in Figure 1 
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Figure 3. Cutaway view of proposed production model 

Figure 4. Exploded view of proposed production model 

large currents in the reverse direction 1 also yields satis­
factory results. 

With the highly polished surfaces desirable for the 
higher current operation, it was found that points which 
were not perpendicular to the surface often had a sufficient 
tangential component of force to cause them to slip as 
they were pressed against the surface. In the coaxial 
construction described here, the two contact points are 
oh opposite sides and thus can be exactly perpendicular 
to their contacting surfaces. 

SMALL SCALE PRODUCTION MODEL 

A construction which permitted moderate quantity 
production of these units is shown in Figures 3 and 4. 
Here a metal case was used to support the germanium 
wafer, and dielectric plugs carrying the emitter and col­
lector points were forced into opposite ends of the cylindrical 
metal case until contact was made. 
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Figure 5. Stapc characteristics 

ELECTRICAL CHARACTERISTICS 

The d-c characteristics of a typical sample of the coaxial 
transistor shown in Figures 3 and 4 are given in Figure 5. 
The characteristics compare moderately w~ll with those 
of the semiconductor triode having both points on the same 
side of the germanium. 

ADVANTAGES 

The advantages which might be attributed to the co­
axial construction are improved stability of the points, 
especially on highly polished surfaces; electrostatic shield­
ing between input and output circuits; and the a\'oidance 
of construction problems involving the placing of two 
spring contacts within a few thousandths of an inch of one 
another. Constructional tolerances are not completely 
avoided by this design, however, since the two points 
should be accurately in line on opposite sides of the ger­
manium for most satisfactory operation. 
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The' Phototransistor 

De\·elopments that result in the P!oduc­
tion of new devices often suggest studies 
not anticipated at the start of tl1e original 
development. Such is the case witli ilie 
Transistor. 0 Shortly after it was found iliat 
ampli.6cation could be obtained witli the 
emitter aod collector wires touching the 
same swface of the gem1anium block, com­
parable characteristics were obtained by 
placing these electrodes on opposite sides 
of a thin wedge of germanium only a few 
thousandths of an inch thick. The Coaxial 
Transistor! represents one embodiment util­
izing this principle. 

It was found that the exciting signal can 
be charge-produced in the semi-conductor 
0 REcoRD, Morch, 1949, page 89. 
f REcoRD, .-\pril, 1949, page 129. 

Fig. I - The Photo­
transistor has a high 
pou;er output for a 
photoelectric device 
and gii:es good re­
sponse lo a rapid­
ly fluctuating light 
source. 

- 116-

by tl1e absorption of light. Experiments have 
resulted in the production of a new photo­
conductivity cell, called the "Phototran­
sistor." A photograph of several of these is 
shown in Figure l. 

This photocell differs from most such 
de{:iccs in its appearance, in its electrode 
arrangement, and in some features of its 
behavior. A longitudinal section drawing is 
shown in Figure 2. The heart of the device 
is a pill-shaped wafer of germanium having 
a spherical "dimple" ground in one side so 
that the thickness of the wafer at the center 
is about 0.003 in. The wafer is finally etched 
in the same way as in the manufacture of 
gemianium diodes, to obtain clean surfaces. 
The wafer is secured at its periphery in a 
retaining ring which is force-titted into one 



end of a metal cartridge. A pointed wire 
electrode of 0.005 in. phosphor bronze 
bears upon the germanium at the center of 
the dimple; this electrode is called the col­
lector. The wire is fastened to a metal pin 
embedded in an insulating ping which is 
force fitted into the other end of the cartridge. 

Operation of the cell depends upon the 
decrease in resistance of the germanium ele­
ment between the peripheral contact and 
the collector when light is absorbed by the 
germanium. In a simple d-c circuit in which 
the Phototransistor is connected in series 
with a battery and load resistance, a small 
current will flow even when the photocell 
is in the dark. When light falls on the photo­
cell, the current in the circuit increases in 
proportion to the amount of light falling on 
the cell. The current increment produced 
by the light is called the photocurrent. 

One of the distinguishing features of the 
Phototransistor is that a substantial photo­
current response is obtained only when light 
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Fig. 2-Longit11dinal section of the Phototransistor. 

falls in the immediate neighborhood of the 
collector on the illuminated surface of the 
germanium. Figure 3 shows the photocur­
rent increment as a function of distance 
when a tiny spot of light is moved across 
the center of the responsive area of a typical 
Phototransistor. vVhen this response curve 
is corrected for the diameter of the spot of 
light, the breadth of the sensitive area at 
half maximum is about 0.008 in. 

It is apparent that allowing light to fall 
uniformly all over the germanium surface 
not only wastes a large fraction of the light, 
but avoids the realization of the spatial 

resolving power of which this device is in­
herently capable. Consequently, it is de­
sirable to provide the cells with lenses to 
focus the available light into the responsive 
areas. One way of doing this is to fit a small 
lens into one end of the cartridge mounting 
-as shown in the cell adjacent to the pencil 
point in Figure 1. The cartridge in this in­
stance is made longer than the others so as 
to accommodate the focal distance of the 
lens. The small size of the responsive area 
of the Phototransistor endows this device 
with a high_spatial resolving power that can 
be obtained in other photoelectric cells only 
by a special masking arrangement or by 
some other optical means. 

Figure 4 presents a family of collector 
current versus collector voltage curves for 
a number of different values of steady light 
flux. The experiment from which these 
curves were obtained was performed in such 
a way that the light fluxes indicated were 
focused substantially within the responsive 
area of the cell under test. The photocurrent 
is best observed and most profitably used 
when the dark current on which it is super­
posed is small rather than large. The dark 
current is made small by biasing the cell as 
a crystal diode in the reverse direction of 
its rectification characteristic. This corre­
sponds, for n-type 0 germanium, to collector 
voltages negative with respect to the cell 
cartridge. The currents and voltages are 
therefore presented, in accordance with con­
vention, in the third quadrant of rectangu­
lar coordinates. The particular curve desig­
nated "dark" will be recognized simply as 
the reverse characteristic of a germanium 
diode, while the other curves show the modi­
fication of this characteristic produced by 
light of different fluxes. 

In a typical operating condition for use 
with time-varying light flux, the cell is con­
nected in series with a load, which for good 
matching may be from 10,000 to 30,000 
ohms. Performance of such a circuit can be 
deduced by analysis familiar in electronics. 
Refening to Figure 4, the dashed line shown 
as 20,000 ohms is called the "load line" for 
that value of series resistance. The inter-

• An n-type semi-conductor in contact with a metal 
electrode passes rectified current in the direction of 
easy flow when the semi-conductor is negative with 
respect to the metal electrode. 
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sections of the load line with the curves for 
the several values of light falling on the cell 
indicate the collector voltage and collector 
current for each light value. The collector 
voltage is the difference between the ap­
plied voltage and the voltage drop across 
the 20,000-ohm load. Calculations for this 
example yield a current output response of 
about 0.07 milliampere per millilumen. For 
a light fluctuation from dark to 20 millilu­
mens, it can be shown that this is equivalent 
to an alternating current output of about 5 
milliwatts. 

In operation with light fluctuating at vari­
ous different frequencies, the output of the 
cell is substantially flat up to at least 200 
kilocycles per second, the highest frequency 
so far studied. This frequency range is 
amply wide for applications in the commun­
ication field. 

THEORY OF TiiE PHOTOCOl\'DUGnVITY EFFECT 

The mechanism of photoconductivity, on 
which the operation of this cell depends, 
can be explained by the application of the 
concepts of modem physics. An atom of any 
substance consists of a positively charged 
nucleus and a number of electrons which 
revolve about the nucleus in orbits of vari-

ous sizes and shapes. The electrons are pre­
vented from Hying away from the nucleus 
by the electrostatic attraction between the 
electrons and the nucleus. This attraction 
leads to a funnel-shaped potential profile, 
which is centered at the nucleus. This po­
tential is sketched in Figure 5 (a). Elec­
tronic energy is plotted vertically, while 
distance, right and left from the nucleus, 
is plotted horizontally. Another way of de­
scribing the situation of the electrons is to 
say that they are trapped down in the po­
tential funnel, from which they cannot es­
cape unless some external agency endows 
them with enough additional energy to 
climb up the sides of the funnel. 

Electrons belonging to the various orbits 
of the atom reside on a number of discrete 
energy levels in the interior of the funnel, 
each energy level corresponding to a par­
ticular electron orbit. The energy levels are 
represented by the horizontal lines in Figure 
5(a). Positions and spacings of the energy 

FORWARD, 
1.0,---------------,---yy-~ 

::l 0 
er 
w 
Q. 

~ -0.5 
:::; 
J 

,i 
/ 

i -1.01----,--.--,---,---,--7",-- -rl-,<-+f+----l 

~ 

~ -1. 51----'----'---+--+~L+--7"'---+f-l--l-+-----I 
w 
a' 
er 
a-2.0,1----,1-----4-_ ,,.;,:...---1-- '<'f---cl'---f-+-1- --+----, 

a' 

~ -2. 5 t---,1---;1,c__---'1.--:rt--7"'----J,C---/--+-- +----I 
UJ 
J 
J 
0 
0-3.01----!--+-.£---l-~A-- ':;<---¥---+---+---I 

-4.0:;;---::;~-f:;;---f;;--~~-:.l=--~-=---L...-...L_.J 
-80 -70 -60 -50 -40 -30 -20 -10 O 

COLLECTOR VOLTS 

Fig. 4-Static characteristics. 

levels are defined by physical laws, which 
provide also that each level may accommo­
date a specified small number of electrons, 
and no more. The orbital electrons belong-

10 
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ing to the atom fill up these levels, starting 
with the lowest, which corresponds to the 
innermost orbit. When all the electrons have 
been apportioned among the lower-lying 
energy levels, there will be a number of 
higher-lying levels, of which only one is 
shown in the figure, which are normally 
unoccupied. For some elements, moreover, 
the uppermost occupied level may have 
fewer electrons than would be required to 
fill it completely. Although the dispositions 
and populations of the atomic energy levels 
differ from element to element, the same 
general scheme described above is com­
mon to all elements. 

\Vhen the atoms of a particular substance 
coalesce to form a crystalline solid, the 
electronic energy levels, which in isolated 
atoms are discrete and very narrow, broaden 
into bands, sometimes of several electron 
volts' height from top to bottom. Figure 
5 ( b ) shows how the energy bands of a 
solid develop from the energy levels of iso­
lated atoms. The lowest filled band in the 
solid corresponds to the lowest occupied 
level of the isolated atom, and so on. If there 
are N atoms in our specimen, each band can 
accommodate N times the number of elec­
trons which the corresponding energy level 
can accommodate in the isolated atom. 

In some materials the uppermost occu­
pied band is completely filled with electrons; 
in other materials it is only partly filled. The 
motions of the electrons in an energy band 
are governed by the laws of quantum phys­
ics. When a band is completely filled, the 
electrons in that band cannot participate in 

the conduction of an electric current in re­
sponse to an applied electric field. It is only 
when a band is partly filled or partly empty 
that its electron population may carry a net 
current. Evidently, then, insulators are sub­
stances whose occupied energy bands are 
completely filled with electrons, while good 
conductors are substances for which one or 
more of the bands in the energy level scheme 
are only partly filled. Semi-conductors are 
substances in which one or more of the 
bands are almost, but not quite completely 
filled, or else almost, but not quite com­
pletely empty. 

If germanium could be obtained abso­
lutely pure, its energy band scheme would 
be similar to that sketched in Figure 5 ( b). 
All of its occupied bands would be com­
pletely filled, all of its non-occupied bands 
would be completely empty, and the sub­
stance would be an insulator according to 
our definition. However, at ordinary tem­
peratures the specimen contains enough 
thermal energy to transfer a few electrons 
from the uppermost filled band to the 
empty band. This thermal transfer pro­
duces a small partial filling of one band 
and a small partial emptying of the other, 
thus endowing the specimen with a small 
conductivity. In addition, all germanium 
specimens contain small amounts of vari­
ous impurities which either contribute a 
few more electrons to the normally empty 
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band or rob a few electrons from the nor­
mally filled band, thus further increasing 
the conducti,ity of the specimen. These 
concepts e~-plain a fact well l,iown in semi­
conductor technology, that the conductivity 
of a semiconductor depends markedly both 
on the temperature and on the impurity 
content of the material. 

A semiconductor which owes its electrical 
properties predominantly to free electrons 
in an otherwise empty band is called an 
n-type semiconductor, while one which owes 
its electrical properties predominantly to 
vacant places in an otherwise filled band 
is called a p-type semiconductor. These va­
cant places are called ~positive holes." They 
behave to all intents and purposes like par­
ticles having charge, mass, and mobility 
approximately equal to those of an electron, 
but with charge of positive sign. They move 
from atom to atom in the direction of an 
applied electric field, and by their motion 
they produce a current, just as do the free 
electrons by their movement in the nomi­
nally empty band. 

The energy level picture for an n-type 
semiconductor is shown in Figure 6. The 
nearly filled band contains a few positive 
holes left by the thermal activation of elec­
trons to the upper, nearly empty band, while 
the latter contains additional electrons con­
tributed by the impurities which make the 
specimen n-type. 

A light beam is a stream of radiant energy 
proceeding through space by the mechanism 
of wave motion. The energy of the beam re­
sides in discrete energy packets, called 
quanta, which ride along with the waves. 
The energy of a single quantum is extremely 
small. In the visible light from an ordinary 
100-watt lamp, and at a distance of three 
feet from it, there are about 20,000 quanta 
per cubic centimeter. 

When light of the proper quantum energy 
is absorbed by a semiconductor, the quanta 
expend their energy in raising electrons from 
the filled band to the empty band, thus pro­
ducing a~ditional free electrons and positive 
holes. This mechanism is illustrated in Fig­
ure 6. The photocurrent increment in a 
semiconductor photoconductivity cell is due 
to t_he liberation of these extra charges and 
their ~ubsequent movement in the applied 
electnc field. When the light is turned off, 

recombination of the electrons with the holes 
quickly restores the conductivity of the 
sample to its original dark value. 

With the recombination process contin­
ually taking place, even while the light is 
on, it is evident why the germanium Photo­
transistor should have a responsive area 
limited to the immediate neighborhood of 
the collector contact in the center of the 
gemrnnium wafer. The distribution of bias 
current flow lines in the semiconductor is 
such as to concentrate the electric fi e ld near 
the collector. \-\1hen electrons and positive 
holes are liberated here, the charges are 
separated and collected before recombina­
tion can occur. If, however, such pairs arc 
produced near the periphery of the wafer 

0 0.5 1.0 1.5 
WAVELENGTH IN MICRONS 

Fig. 7- Relatii;e quantum efficien cy versus 
1wi:e length for the Plwtotransistor. 

where the field is weak, the charges cf. 
fectively disappear by recombination before 
they can be separated and collected . 

In order to induce photoconductivity, the 
absorbed light quanta must delive r at least 
enough activation energy to raise the elec­
trons across the energy gap between the top 
of the nominally filled band and the bottom 
of the nominally empty bancl . Since the 
e~ergy of a light quantum varies inversely 
with the wave length of the light, it follows 
that the photoconductivity response de­
pends upon the wavelength of the incident 
light. Figure 7 shows this clepenclence for 
the germanium Phototransistor. 0 The re­
sponse in this case is presented in terms of 

_•These spectral response determinations were mndc 
m collaboration with Howard B. Briggs . 
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relative quantum efficiency, which is the 
photocurrent increment in the external cir­
cuit when a given number of quanta per 
second are incident upon the responsive area 
of the cell. 

The response curve of Figure 7 has a long 
wave length limit in the vicinity of 2.0 
microns. This wave length corresponds to 
a quantum energy of 0.61 electron volt, 
which represents the least energy that can 
create a free electron-hole pair in ger­
manium. It may therefore be considered as 
the activation energy for the photoprocess, 
being equal t<_> the energy gap between the 
top of the nearly filled band and the bottom 
of the nearly empty band. This value is in 
good agreement with the figure of 0.75 elec­
tron voltt obtained independently from 
measurements of the temperature variation 
of the specific resistance of germanium at 
high temperatures. 

Referring again to Figure 6 one may de­
duce that if the quantum energy of the in­
cident light is sufficiently great, electrons 
may be given enough energy to enable them 

tW. H. Brattain and J. Bardeen : Pliysical Review, 
Vol. 74, 1949, page 231. 

to escape completely from the sample 
against the work function field at its surface. 
The photoemission effect comes about in 
just this way. For most s'ubstances, however, 
the quantum energies required correspond 
to wavelengths in the blue, violet, and ultra 
violet regions of the spectrum, and emission 
type photocells made from even the best of 
these materials are not suited to take the 
most effective advantage of light from in­
candescent filament sources, for example, 
from which the emission at these wave­
lengths is comparatively meager. Since the 
induction of photoconductivity requires less 
quantum energy than the induction of photo­
emission, it follows that, in general, photo­
conductivity cells are responsive to light of 
longer wavelengths than are photoemission 
devices. For the Phototransistor cell in par­
ticular, as can be seen from Figure 7, the 
sensitivity is greatest in the spectral region 
from 1.0 to 1.5 microns. This is the same 
region in which the quantum emission from 
ordinary incandescent light sources is great­
est. The germani11m cell is therefore a par­
ticularly suitable device for use with such 
sources of light. 
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AGING AND TEMPERATURE RESPONSE 

OF POINT-CONTACT TRANSISTORS 

The reliability of transistors depends on their con­
stancy irrespective of external conditions; in particular, they 
should not change too much with time, temperature, shock, or 
vibration. Information on such behavior follows. 

When point-contact transistors similar to _the Ml 729 are 
operated for some time under conditions representat1':'e of am­
plifier use, the chief variation is a slo~ ~ecr7ase in the col­
lector resistance r and the current amplification factor alpha. 
The accompanying figure l gives quantitative data which are the 
average of a number of units life tested up t _o about 7 500 hours. 
There is an initial change of the order of 5% in the first few 
score hours, followed by a slow drift which persists at least 
a few thousand hours. 

The effect of such a change on an amplifier using 
the units would be a gradual reduction in gain, the exact value 
of which would depend on the circuit parameters used. For order 
of magnitude, one may note that in a matched grounded-base cir­
cuit with negligible feedback, the power gain is a.2r cl 4r e, so 
that to lose a db of gain from a circuit which was originally 
matched would require a reduction of either 11% in alpha or 20% 
in re• The changes in a and re are in the same direction ( addi­
tive J. 

The temperature response is given in the accompanying 
Figure 2. For these transistors, above about 65°c the collector 
resistance re begins to drop rapidly, and the current amplifi­
cation factor alpha begins to rise rapidly. For other transis­
tors such as the 1729, the critical temperature where rapid 
variation sets in amy be as high as 80°C. It should be noted 
that these temperature effects are reversible so that on re­
turning to room temperature the original prop~rties are restored. 
Also, the effects on amplifier gain are opposite in direction 
so that they tend to cancel; in other words rise in temperature 
of the unit at first has rather small effect on the gain tend­
ing principally to increase the collector current drawn ~t con­
stant voltage and constant emitter current. 
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Since many practical operating environments are some­
what warm, this temperature sensitivity of transistors usually 
requires some attention from the circuit designer. Two features 
mitigate the temperature effects somewhat. Since the a-c gain 
is at first little affected, an a-c coupled amplifier is often 
superior in this respect to a d-c amplifier, especially if the 
power supply circuitry is properly arranged to hold a suitable 
operating point. Second, since transistors can operate with 
very low power drains one or more orders of magnitude below tubes, 
their self-heating effects may be much less than usual tube 
practice, even with greater miniaturization. Here again, how­
ever, for best results the system designer needs to pay atten­
tion to obtaining free flow of air around the transistor circuits. 

To shock and vibration, transistors are very resistant. 
Shocks up to the order of 10,000 g do not damage the unit, while 
vibration up to at least 100 g produces no observable effect on 
the electrical characteristics. One would expect good behavior 
in these mechanical respects, because of the very low inertia of 
the transistor parts. 

Similar data on junction units are not yet available. 
However, life data on junction diodes do not show the slow ag­
ing effects noted above, from which one might hope that triode 
life might be even longer than for point contacts. 

In short, transistors are very reliable in the sense 
that their life is long and they can stand considerable amounts 
of shock and vibration. Their operating temperature should be 
held below 60° to 80° C, the precise value depending upon the 
particular type of unit. 
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Duality as a Guide in Transistor Circuit Design 

By R. L. WALLACE, JR. and G. RAISBECK 

(Uamiscript Received Sept. 26, 1950) 

Because of a relationship which exists between the properties of a vacuum tube 
triode and those of a transistor, it is possible to start with _a k~own_ vacuum tube 
circuit and to transform it into a completely different c1rcu1t suitable for use 
with transistors. The nature of this transformation is discussed and a number 
of examples are given. 

INTRODUCTION 

SINCE the invention of the tr~nsistor there has been a natura~ tendenc?' 
to compare its properties with those of a vacuum tube tnode. This 

comparison indicates that the two devices are different in many important 
respects. For example, the grounded cathode vacuum tube is essentially a 
voltage amplifying device with a high input impedance and a relatively 
low output impedance, while the grounded base transistor is essentially a 
current amplifying device with a low input impedance and a relatively high 
output impedance. Furthermore, high gain vacuum tubes tend to be unstable 
with open circuit terminations, while high gain transistors tend, on the 
other hand, to be unstable with short circuit terminations. 

The properties of the tw<_? devices are, in fact, so radically different that 
the development of the transistor has posed an entirely new set of circuit 
design problems. If the vacuum tubes in a known circuit are simply replaced 
by transistors (and appropriate changes are made in the supply voltages), 
it is usually found that the transistor is not used to best advantage and the 
circuit performance is not satisfactory. For this reason, circuit designers 
heretofore have exercised considerable ingenuity in devising new circuits 
which take into account the peculiarities of the transistor and use them to 
best advantage. It turns out that some of these circuits bear little resem­
blance to vacuum tube circuits designed to perform the same function. 

Although there is a great difference between the electrical properties of 
transistors and vacuum tubes, there is a very simple approximate relation­
ship between them. It is the purpose of this paper to show how it is possible, 
taking this relationship into account, to start with a known vacuum tube 
circuit and transform it into a completely different circuit suitable for use 
with transistors. Circuits derived in this way tend to take advantage of the 
peculiarities of the transistor, and in a number of cases have shown excep­
tionally good performance. 
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THE RELATION BETWEEN VACUUM TUBE AND TRANSISTOR PROPERTIES 

It is the purpose of this section to show that the properties of a transistor 
are related to those of a vacuum tube triode through an interchange of 
current and voltage, and that transistor currents behave like vacuum tube 
voltages and vice versa. The discussion is aimed particularly at the large­
signal properties of the two devices and is restricted to the frequency range 
in which static characteristics are sufficient to determine circuit perform­
ance. 

Consider first the grid-cathode input terminals of a triode as compared 
to the emitter-base input terminals of a transistor. With respect to these 
terminals each device behaves as a diode rectifier the properties of which 
are relatively unaffected by biases applied to the third electrode (plate or 
collector). The grid conducts when biased in the forward direction and fails 
to conduct when biased in the reverse direction. A similar statement can be 
made about the emitter. Furthermore, either device behaves as a low im­
pedance when biased in the forward direction and as a relatively high im­
pedance when biased in the reverse direction. 

The difference between the emitter circuit and the grid circuit comes about 
in the following way: The vacuum tube is most effective as an amplifier 
when the grid is biasE'cl in the rei•erse direction, while the transistor is most 
effective when the emitter is biased in the for1.1Jard direction. With respect 
to these input terminals, then, the essential difference between the two de­
vices amounts to the difference between "forward" and "reverse". But this, 
in turn, amounts to an interchange of current and voltage. 

Whatever qualitative statements can be made about emitter current 
and voltage can also be made about grid voltage and current, respectively. 
For example, the grid is normally given a moderate voltage bias at which 
the grid current is essentially zero, while the emitter is normally given a 
moderate current bias at which the emitter voltage is essentially zero. 
Furthermore, the principal non-linearity in the grid circuit occurs when the 
grid voltage is allowed to swing through zero with the result that grid cur­
rent begins to rise, while the principal non-linearity in the ..'!mitter circuit 
occurs when the emitter current is allowed to swing through zero with the 
result that emitter voltage begins to increase. 

The comparison between the plate-cathode output circuit of the triode 
and the collector-base output circuit of the transistor is somewhat compli­
cated by the effects of grid and emitter biases. Consider first the situation 
in which zero bias is applied to the input circuits (v 0 = 0 and i. = 0). 
In this case, both the plate and the collector behave like diode rectifiers, 
conducting readily when biased in the forward direction and conducting 
relatively poorly when biased in the reverse direction. When input biases 
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are applied, however, the principal difference between the two devices be­
comes apparent and turns out again to be associated with the difference 
between forward and reverse. This is because biases applied to the grid affect 
only the forward part of the plate circuit characteristic while biases applied 
to the emitter affect only the reverse part of the collector circuit character­
istic. 

Thus the grid and plate are normally biased in the reverse and forward 
directions, respectively, with the result that the vacuum tube input im­
pedance is high and the output impedance is relatively low. The emitter 
and collector, on the other hand, are normally biased in the forward and 
reverse directions, respectively, with the result that the transistor input 
impedance is low and the output impedance is relatively high. 

The comparison of vacuum tube and transistor properties can be carried 
further with the help of Fig. 1 (a) which shows the plate circuit characteristics 
of a particular vacuum tube triode and Fig. 1 (b) which shows the collector 
circuit characteristics of a particular transistor. The axes in these two figures 
have been chosen to facilitate comparison of transistor currents with vacuum 
tube voltages and vice versa. The result is that the two families look quite 
similar. It is seen that the quantities to be compared are 

rp with -ic, 
i,, with -vr, 

-vu with i,, and, though not shown, 
-iu with t,. 

The consistent difference in sign between vacuum tube and transistor 
quantities holds only when the transistor is made from an JV-type semicon­
ductor. If the transistor is made of P-type materiaJ! there is no difference 
in sign between corresponding transistor and vacuum tube quantities. 

By referring to Fig. 1 (a) it can be seen that to a first approximation the 
effect of applying a negative voltage bias to the grid is simply to shift the 
plate circuit characteristic to the right along the vi' axis. The number of 
volts shift caused by a change of one volt on the grid is called the voltage 
amplification factor, µ, of the triode. Similarly, it can be seen from Fig. 
1 (b) that the principal effect of applying a positive current bias to the emitter 
is simply to shift the collector circuit characteristic to the right along the 
-ic acis. The number of milliamperes shift caused by a change in emitter 
current of one milliampere is called the current amplification factor a 

. , ' 
of the trans1Stor. Thus, a of the transistor corresponds toµ of the vacuum 
tube. 

1 The p-Germanium Transistor. W. G. Pfann and J. H. Scaff, Prnc. l.R.E., 38, 1151. 
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It is interesting to note that the gross non-linearities in the vacuum tube 
plate circuit have their counterparts in the transistor collector circuit. For 
example, the counterpart of plate current cutoff is collector voltage cutoff. 

The relationship between vacuum tubes and transistors is not only quali­
tative, but can be made quantitative as well provided a suitable vacuum tube 
is chosen for comparison with the transistor. The requirements are that the 
vacuum tube and transistor have similar dissipation ratings and that µ 

be equal to a. These conditions are roughly satisfied by the vacuum tube 
and transistor of Fig. 1 (a) and Fig. 1 (b). By comparing the axes in these 
two figures it may be seen that one milliampere in the transistor corresponds 
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Fig. 1-The static characteristics of a transistor look like those of a vacuum tube triode 
provided transistor currents are compared with vacuum tube voltages and vice versa. 

to 6.6 volts in the vacuum tube and vice versa. It follows that, in this case, 
transistor currents are related to vacuum tube voltages through a "trans­
formation resistance," r, given by 

(1) r = 
6·6 volts = 6,600 ohms. 

(l0)-3 amps 

CIRCUIT CONSIDERATIONS 

The internal structure of a vacuum tube imposes a particular set of re­
lationships between the vacuum tube currents and potentials. At low fre­
quencies these relationships are given by the static characteristics which 
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show that over a fairly wide range of values the tube currents are roughly 
linear functions of the voltages. When the tube is connected into an external 
circuit, the circuit imposes a second set of algebraic relationships between 
vacuum tube currents and potentials and the performance of the circuit as 
a whole represents a simultaneous solution of these two sets of relationships. 
Now if the vacuum tube is replaced by a transistor and the external circuit 
is left unchanged, then the relationships internally imposed are markedly 
changed while the relationships imposed by the external circuit are left 
unaltered. Ordinarily this will lead to a completely different simultaneous 
solution for the two sets of conditions and hence to completely different 
circuit performance. 

If circuit performance (with respect to the terminals of the tube or transis­
tor) is to be maintained after substituting a transistor for a vacuum tube 
then the external circuit must be modified. One might suppose, for example, 
that it should be possible to find a new external circuit such that the collec­
tor voltage in the new circuit would behave exactly as did the plate voltage 
in the original circuit. To a certain extent this is possible, but this procedure 
meets with a serious difficulty. Although transistor voltages are fairly well 
behaved, roughly linear single-valued functions of transistor currents over 
fairly wide ranges of values, transistor currents are relatively more non­
linear, often double valued, functions of the voltages. This means at once 
that if circuit performance is to be maintained for large signals, non-linear 
elements will be needed in the external circuit. This approach seems very 
much less promising than another to which we now come. 

The new approach is to seek a transistor circuit in which every current 
behaves like a corresponding voltage in a known vacuum tube circuit and 
every voltage behaves like a corresponding current. This approach is rela­
tively simple because, as has already been shown, half the problem is solved 
simply by exchanging transistor for vacuum tube. The remaining part of 
the problem is to find an external circuit which will impose the same rela­
tion between transistor potentials and currents as the original circuit im­
posed between vacuum tube currents and potentials. This amounts to say­
ing that if the vacuum tube is to be replaced by a device in which the roles 
of currents and voltages are just interchanged then the external network 
should also be replaced by a new network which accomplishes this same 
interchange. 

Networks in which this sort of interchange is accomplished are known as 
duals,2 one of the other. It has been shown in the literature that it is possible 
to find and to realize physically the duals of most practical circuits. The total 
number of circuit elements in a network is ordinarily preserved when the 

2 Communication Nell~orks, E. A. Guillemin, Vol. 2, pp. 246-25-1, John Wiley & Sons 
(1935); Network Analysis and Feedback Amplifier Design, H. \V. Bode, p. 196, Van 
No~trand, (1945). What Bode calls inverse we have called dual. 
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dual transformation is performed, each element being transformed into a 
new element which is its dual. The transformed elements are not, however, 
connected together in the same way as were the original ones. Elements in 
parallel are transformed into elements in series and vice versa. Nodes trans­
form into loops and loops into nodes. 

There are cases when finding the dual of a network is not as straightfor­
ward as the reader might infer from the above. Complications may arise 
when the network contains mutual inductance or non-linear elements, or 
if the network cannot be drawn on a flat surface without crossovers. Some 
of these questions are discussed by Bode.2 

DUALITY 

Table 1 shows side by side a number of network elements and the duals 
of these elements related through the transformation resistance r. The table 
also shows the duals of a few simple networks. It is the purpose of this 
section to show by means of examples how these dual relationships are 
established. 

One network element is the dual of another provided the role of current 
in one is played by voltage in the other, and vice versa. Consider what this 
means in the case of a capacitance in which current and voltage are related 
by the equation 

1 . 
e = jCw i. 

Interchanging the roles of current and voltage means replacing e in this 
equation by i'r and replacing i by e'/ r. The value of r determines how many 
volts across the condenser are to correspond to an ampere through its dual. 
Making the indicated substitutions gives 

(3) ., 1 ' 
1, = -;----;,--c e . yr- w 

This, however, is the kind of equation which relates the current through 
an inductance to the voltage across it. It is seen, therefore, that the dual of 
a capacitance C is an inductance of value given by 

(4) L' = ,~c. 

In the dual transformation of a network every capacitance in the original 
network will be transformed in this way into an inductance in the dual 
network. Also, if ec and ic represent the voltage across a capacitance and 

2 Ilode, Joe. cit. 
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the current through it in the Kirchoff equations of the original network, 
these quantities will be replaced byit,, andeL,, respectively, in the Kirchoff 
equations of the dual network. The quantities iL', and eL', represent the 
current through an inductance of value L' given by (4) and the voltage across 

it. 
The argument just given can equally well be interpreted to mean that 

the dual of an inductance Lis a capacitance C', the value of which is given 

by 

(5) C' = L/r\ 

so that every eL and iL in the ~irchoff equations of the original net work 
are replaced by i c•, and ec•, respectively, in the Kirchoff equations of the 

dual network. 
The dual of a resistance R is found in the same way. The equation ap­

plicable to a resistance is 

(6) e = Ri, 

which, with the substitution of ri' for e and e'/r for i, becomes 

(7) i' = e'/(r/R). 

Thus it is seen that a resistance R transforms into a resistance R' where 

(8) R' = r 2/R. 
Also, eR and iR in the Kirchoff equations of the original network are replaced 
by iR,, and eR, , respectively, in the Kirchoff equations of the dual net­
work. 

The dual of a temperature sensitive resistance which changes value with 
changes in average signal level can be found by exchanging the labels on 
the axes of an E-I plot of its characteristic. This shows that the dual of a 
resistance which has a positive temperature coefficient, and hence increases 
in resistance with increase in signal level, is a resistance with a negative 
temperature coefficient of resistance which decreases in resistance with 
increase in signal level. Similarly, the dual of a short-circuit-stable negative 
resistance is an open-circuit-stable negative resistance. 

The equations applicable to an ideal transformer of impedance ratio 
1 :a2 are 

(9) e2 = ae1 , and 
i2 = ii/a. 

Making the substitutions previously indicated leads to 

(10) i2 = ai1, and 

ez = e1/a . 
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TABLE I 

(la) CONSTANT VOLTAGE SUPPLY 

(2a) SERIES BATTERY AND RESISTANCE 

--1 t I MVv-
E R 

(3a) SERIES BATTERY AND RESISTANCE 

--; I• f---'\!Vv-
E R 

(4a) RESISTANCE 

- VV\r-­
R 

(5a) POWER -SENSITIVE RESISTANCE 
WITH POSITIVE TEMPERATURE 
COEFFICIENT 

I 

(6a) SHORT-CIRCUIT-STABLE 
NEGATIVE RESISTANCE 

I 

(7d) CAPACITANCE 

I/ ___ I\ __ _ 

C 

(1 b) CONSTANT CURRENT SUPPLY 

- -I' --.,-- --~ 
I'= E/r 

(2b) CONSTANT CURRENT SUPPLY AND 
RESISTANCE IN PARALLEL 

---!'---
~ 

R' 
I'=E/r, R'=r2/R 

(3b) SERIES BATTERY AND RESISTANCE 

--111~ 
E' R' 

E'=(r/R)E, R'=r2/R 
(EQUIVALENT TO (2b), BY 
THEVENIN'S THEOREM) 

(4b) RESISTANCE 

(5b) POWER-SENSITIVE RESISTANCE 
WITH NEGATIVE TEMPERATURE 
COEFFICIENT 

I'~ 

E' 
I'=E/r, E'=rI 

(6b) OPEN-CIRCUIT-STABLE 
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NEGATIVE RESISTANCE 

,,lS_ 
E' 

I'=E/r, E'=rI 

(7b) INDUCTANCE 



.. 

TABLE I-Continued 

(Sa) IDEAL TRANSFORMER OF 
IMPEDANCE RATIO 1: a2 

(Sb] IDEAL TRANSFORMER OF 
IMPEDANCE RATIO a2: I 

~~ 
(:__ Jc 

I : a2 a2: 1 

(9d) IDEAL GYRATOR OF FORWARD (9bl IDEAL GYRATOR OF FORWARD 
TRANSFER IMPEDANCE R TRANSFER IMPEDANCE -r2/R 

i., i.2 
• I 

L1 
. I 

L2 

~(:: ~~ e ~, 

e, = -R l 2 e,' = (r2/Rl i.; 
e2 = Ri.1 ez'= -(r2/R) Li' 

(10a1 ANY TWO -TERMINAL (tOb) THE SAME TWO -TERMINAL NET-
NETWORK X WORK, X, PLUS AN IDEAL GYRATOR 

OF TRANSFER IMPEDANCE r 

sJ JO 
(lid) AIJY THREE - TERMINAL (II bl THE SAME THREE -TERMINAL NET-

NETWORK N WORK,N, PLUS TWO IDEAL GYRATORS 

0 G D (~ 1 & 
(12 al VACUUM TUBE TRIODE (12 bl VACUUM TUBE TRIODE PLUS 

TWO GYRATORS 

~ 7~-~ I~ ' V ! 
(13d] SUITABLE VACUUM TUBE TRIODE (13bl TRANSISTOR PLUS IDEAL PHASE 

REVERSING TRANSFORMER 
C 0 

~ w -

0 NOTE THAT (13b) AND (12 bl ARE EQU IVALENT 

(14dl ANY MIO-SERIES TERMINATED (14 bl THE SAME CONSTANT •k FILTER 
CONSTANT -k FILTER SECTION .SECTION MIO-SHUNT TERMINATED 
OF DESIGN RESISTANCE R BUT WITH DESIGN RESISTANCE 

CHANGED TO r2/R 
o--rou"O'--.J ' I :~ 0 _.L: ~( I\ 

~ l ~I+ ~ T 
- ' 0 

•• 
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This indicates that the dual of an ideal transformer of impedance ratio 
1: a 2 is another ideal transformer of impedance ratio a 2 : 1. It follows that 
the dual of a 1: 1 ideal transformer is a 1: 1 ideal transformer. 

The dual of a constant voltage supply E is, of course, a current supply 
which maintains a constant current equal to 

(11) I'= E/r, 

and the dual of a constant current supply I is a supply of constant voltage 
equal to 

"'(12) E' = Ir. 

+ 
e, 

L, LL + eL- +ec-

~ - " 
L ~ 

+ 
eRI R, R2 

i.,RI I l R2 
u 
3 

l.1 - LL - i.R1 = 0 

i.2 + LL - LR2 = 0 

eR1-ec-eL- eR2=0 

e1 = eRI, e2= eR 2 

i.2 
2 

+ 
eR2 

+ 
€2 

L; +eR1'- +eR2'- L; , ,_ __ .....,, 
+ I J_ + 
:>'~e_c' 

! LL'+ L,, 
3 

e; - ec•-eR,' =o 

e~ + e,•- eR2'=o 

l.. R1 1 -l..t_'.- l.c'-l.R2'=0 

L; = l.Ri', i..2=LR2' 

2 

LL= Le (al (bl 

Fig. 2- The dual of a nel11·ork is found by transforming the Kirchoff equations. 

The procedure of substitution used in all the examples above can be 
used in a straightforward way to find the dual of a more complicated net­
work, but, in view of what has already been said some labor can be saved 
by writing the Kirchoff equations in the abbreviated notation used in Fig. 
2. The equations on the left corresponding to the original network are then 
transformed into the equations of the dual network by making the following 
substitutions: 

i1 = e1, 

eR 1 = iR; 
ZR1 = eR; 
eL = ic, 

iL = ec•, etc. 

From these transformed equations, shown on the right hand side of Fig. 2, 
the dual network shown above them can be drawn by inspection. 
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From the example given in this figure, it is seen that a ladder network is 
transformed into another ladder network with each series branch of the 
original network being transformed into a shunt branch in the dual network 
and vice versa. Note also that a series combination of L and C is trans­
formed into a shunt combination of C' and L'. The effect of a short circuit 
between terminals 1 and 2 in the original network (which makes e1 = e2) 
is an open circuit at terminal 3 in the dual network (which makes i1 = i2). 

THE DUAL OF AN illEAL VACUUM TuBE TRIODE 

In a previous section it was shown that transistor currents behave approxi­
mately like vacuum tube voltages and vice versa. In view of what has been 
said about duality it might be assumed that, as three-terminal networks, 
the transistor and the vacuum tube triode are approximate duals. It is the 
purpose of this section to examine the relationships between the two devices 
in detail and to show that they fail to be duals one of the other principally 
because of a sign. What it amounts to is that signals transmitted through 
the dual of a vacuum tube suffer a phase reversal while, on the other hand, 
signals are transmitted through a transistor without change of phase. 

A convenient way of proceeding is to start with the 4-pole equations of 
an ideal vacuum tube triode and transform them, by the methods already 
presented, into the equations of the dual. These transformed equations will 
then be compared with the 4-pole equations of a transistor. 

The small signal behavior of a vacuum tube triode is represented by the 
equations, 

(13) 

where 
and 

ig = (O)vg + (O)vp , 
ip = g,.vg + kpvp 

= kp(vp + µVg), 

µ ,_ g,./kp' 
kp = 1/ rp. 

These equations apply when the positive directions of current and voltage 
are as indicated in Fig. 3. The equations corresponding to the dual of the 
ideal vacuum tube triode are found by substituting in equations (13), 

ig = v1/1, 
1p = V2/r, 
t'g = 1i1 , and 
Vp=ri2. 

The quantities i1 and v1 will then represent the current and voltage at 
the input terminals of the dual device and i2 and v2 will represent the cur-
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rent an<l voltage at the output terminals. Making these substitutions leads 
to 

(14) 
V1 = (O)i1 + (O)i2 , 
V2 = r2

gmil + r2kpi2 
= r2kp(i2 + µi1). 

It remains to be seen how the directions of current and voltage must be 
assigned in Fig. 3. If the directions of t'1 and i 1 are arbitrarily assigned as 
indicated in the figure, then the directions of 1•2 and i2 can be found by an 
argument like that used in connection with the passive three-terminal 
network jusl discussed. The dual of making vv = 1•0 by placing a short cir­
cuit between plate and grid is making i1 = i2 by opening terminal 3 of the 
dual. This says that the positive direction of i 2 is as shown in Fig. 3. Simi­
larly, the dual of making iu = -iv by opening the cathode connection to 
the vacuum lube is making 'V1 = -v2 by placing a short circuit between 
terminals 1 and 2 of the dual. This requires that positive values of v1 and 
v2 have opposite signs when measured with respect to terminal 3 and so fixes 
the positive direction of t12 as shown in Fig. 3. 

The 4-pole equations for a transistor are 

(15) 

where 

'Ve =rui, + r12ic, 
'Ve = r21i e + r22ic 

= r22(ic + cd,), 

a = r21/r22. 

These equations are similar in form to equations (14) which correspond 
to the dual of an ideal vacuum tube triode. Comparing the two sets of 
equations shows that the following transistor and vacuum tube quantities 
correspond to each other: 

r2g,,, and r21 , 
r2kv and r22 , and 

µ and ex. 

Comparing the first of equations (14) with the first of equations (15) 
shows that the transistor quantities r 11 and r 12 should be zero if the transistor 
is to be an accurate dual of the vacuum tube triode. These quantities are 
small in present clay transistors and there is hope that they may be made 
still smaller in the future. In the transistor of Fig. 1 (b), for example, rn is 
approximately 200 ohms. This corresponds to a grid-to-cathode leakage 
resistance in the triode \\'hich can be computed from 

r0 = r1/ rn. 
3 Some Circuit Aspects of the Transistor, R. l\-1. Ryder and R. J. Kircher, Bell Sys. Teclz. 

JI., 28, 367 (July 1949). 
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Since r = 6600 ohms for the transistor and vacuum lube of Fig. 1, r g amounts 
to 218,000 ohms. This is large compared lo rp and would not seriously impair 
the operation of the lube for many purposes. 

What has been said indicates that transistor currents and voltages are 
fairly accurate duals of vacuum tube voltages and currents. As a three-termi­
nal network, however, the transistor fails to be the dual of a vacuum tube 
because the values of ic and t•c which behave as duals of vp and ip are measured 
with a convention of signs which is not consistent with Fig. 3. This can be 
seen by comparing the directions of i2 and vz in the dual of a vacuum tube 
(Fig. 3) with the convention of signs for the transistor indicated in Fig. 1 (b). 
A transistor like present day ones in all respects except for a reversal in 
sign of ic and t'c would be a fairly good dual for a vacuum tube triode. This 
discrepancy in sign means, of course, that the grounded base transistor 
fails to give the phase reversal which would be given by the dual of a vacuum 
tube. This does not mean that the duals of vacuum tube circuits cannot be 

~g Lp L, DUAL OF i.2 
0 

~ 
0 VACUUM TUBE 

TRIODE 

+ + t 
Vg Vp v, V2 - + 

V V 

Fig. 3-The right-hand figure shows the convention of signs which must be used with 
the transformed equations (14). 

found and used to advantage with transistors. It simply means that if the 
circuits are to be strictly dual an ideal transformer or some other means 
must be used to supply the phase reversal. 

In finding the dual of a vacuum tube circuit there are several equally 
satisfactory ways of proceeding. Perhaps the simplest is to begin by treating 
the transistor as though it were a perfect dual of a vacuum tube triode. In 
this case, the transistor is substituted for the vacuum tube-emitter for 
grid, base for rnthode, and collector for plate-and then the remaining 
part of the vacuum tube circuit is replaced by its dual. The resulting circuit 

fails to be a dual of the original only with respect to a phase reversal which 

can be corrected by inserting a phase reversing ideal transformer at the 
most convenient appropriate place. 

Another procedure, which is perhaps more straightforward but which 

may also require more work, takes care of the phase reversal automatically. 

The first step in this case is to write down the Kirchoff equations for the 

vacuum tube circuit and then transform them into a new set of equations 
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in the manner illustrated in a previous section (see Fig. 2). In doing this, 
replace 

Vp by -i,' 
ip by -i1

0 , 

V0 by -i,, and 
i 0 by -v •. 

This gives a set of Kirchoff equations which apply to the dual circuit 
and it remains only to find, by inspection, a circuit which satisfies them. 
It will often be found that, in order to satisfy these equations, it is necessary 
to introduce a phase reversing transformer. Several examples of this method 
of procedure will be given in sections to follow. In the appendix a great 
many more examples of vacuum tube circuits and their transistor duals 
are shown. 

GYRATORS AND DUALITY 

Tellegen4 has shown that in principle it is possible to make a new kind of 
passive 4-pole circuit element to which he has given the name "ideal gy­
rator". This device is characterized by the 4-pole equations 

e1 = Ri2 and 
e2 = -Ri1. 

Though such a device is not known to have been realized in a practical 
physical form as yet, its properties are so closely related to duality as to 
be worth mentioning here. 

The following interesting properties can readily be deduced from the 
equations above . First, signals are transmitted through the device in one 
direction without ph2se reversal, while signals transmitted in the other 
direction are reversed in phase. Second, if an impedance Z is connected 
across the output terminals of an ideal gyrator, the impedance seen at the 
input terminals is R2/ Z. This means that the ideal gyrator has the property 
of transforming any two-terminal network into its dual. Also a three-termi­
nal network can be converted into its dual by connecting one gyrator to the 
input terminals of the network and another to the output terminals. These 
gyrators must be so poled that no phase reversal is produced in either direc­
tion by the action of the two together. 

This means that the dual of a vacuum tube triode can be obtained by 
using a triode plus two gyrators as shown in Table I and, of course, the dual 
of a transistor can be obtained by using a transistor plus two gyrators. Also, 

4 The Gyrator, A New Electric Network Element, B.D.H. Tellegen, Pliillips Research 
Reports, 1948, pp. 81-101. 
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since the gyrator gives a phase reversal or not, depending on the direction 
of transmission, a transistor plus two gyrators can be made the equfralent 
of a vacuum tube triode by poling the gyrators in such a way as to take 
care of the phase reversal. 

Ideal gyrators are not yet available but passive circuit elements having 
very similar properties over a narrow frequency range are available and 
are used in certain vacuum lube circuits. A quarter-wave line or its lumped­
constant equivalent (which amounts to a full section of low- or high-pass 
filter) has the property of impedance inversion at a single frequen cy. Instead 
of giving zero or 180? phase change as does the ideal gyrator discussed 
above, this single frequency gyrator can be designed to give either + 90° 
or -90' phase change. In either case, the phase shift is independent of the 

Vp1 - eL - E1 = 0 

E1 + eL - ee1 - eR = o 

Vgz - eR =o 

eL = ec 

Lp1 + le, + i.L + i.c = o 

i.92 + LR - Le1 = O (a) 
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-Vez + eR,_ eu1= o 

Fig. 4-A tuned amplifier stage and the transistor dual. 

(b) 

direc~ion of transmission. This leads lo the possibility of exchanging a 

trans_1stor for_ a vac~um tub~ plus two quarter wave lines. An application 
of this sort will be discussed rn a later section. 

THE DUAL OF AN AMPLIFIER WITH SHUNT TUNED INTERSTAGE 

r:igure 4(a) ~how~ a vacuum tube amplifier with the Kirchoff equations 
which apply to 1t. Figure 4 (b) shows the transformed equations and a t · _ 

· · h" rans1s 
tor circuit w 1ch satisfies them . 

. Th_e ideal transformer in this circuit has no effect 011 any aspect of the 
c1rcu1t perfonnance except the phase of the output and 1·r th " · · , 1s 1s not impor-
tant, the transformer may be left out The curved arro\ t . • :vsrepresen constant 
current supplies. All the element values in the trans1· t · · s or c1rcu1t may be 
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computed from the values in the vacuum tube circuit by means of the rela­
tions of Table 1. 

Figure 5, (a) and (b), shows a different arrangement of power supplies 
in the vacuum tube circuit and the resulting more convenient arrangement 
of power supplies in the transistor circuit. In this case, the ideal transformer 
has been omitted but in all other respects the circuits are duals. 

The application of duality in this case has led to the use of a series tuned 
circuit in series with the load instead of the shunt tuned circuit in shunt 
with the load, which the vacuum tube circuit might otherwise have sug­
gested. The series tuned circuit has the advantage when used with short­
circuit unstable transistors of insuring stability outside the pass band. 

TuE DUAL OF A PUSH-PULL CLASS B AMPLIFIER 

Figure 6(a) shows the circuit of a push-pull amplifier and the Kirchoff 
equations which apply to it. Figure 6(b) shows the transformed equations 

(a) ( b) 

Fig. 5-An unconventional arrangement of power supplies in the vacuum tube circuit 
leads to a convenient arrangement for transistors. The phase reversing transformer which 
would make the transistor circuit strictly dual has been omitted. 

and the dual transistor circuit. In this case, not only the circuit configuration 
but also the choice of operating point is important. For class n operation 
the two tubes are given a high negative grid bias, so that in the absence 
of an input signal the two plate currents are nearly zero while the plate 
voltages are quite high. In the transistor case, the dual situation is that the 
emitters are given a high positive emitter current bias so that in the absence 
of an input signal the two collector voltages are nearly zero while the collector 
currents are quite high. During a positive half cycle of input voltage the 
upper vacuum tube plate circuit begins to conduct and the plate current 
of the upper tube goes through a positive half cycle while the plate current 
in the lower tube remains essentially at zero. During this half cycle the plate 
current of the upper tube is coupled through the output transformer to the 
load while the lower tube contributes nothing, behaving simply as an open 
circuit element in shunt with the load and with the upper tube. The cor­
responding set of events in the transistor amplifier is that, in response to 
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a positive half cycle of input current, the collector voltage of the upper tran­
sistor goes through a negative half cycle while the collector voltage of the 
lower transistor remains essentially zero. All the collector voltage swing of 
the upper transistor is impressed directly on the load because, during this 
half cycle, the lower transistor serves as a short circuit element in series 
with the load and with the upper transistor. The next half cycle is, of course, 
like the first except that the lower tube and the lower transistor assume the 

active roles. 
It was this circuit which first showed the great advantage which can some­

times be achieved through the use of duality. Using two type A transistors 
in the circuit of Fig. 6(b), it has been possible to obtain 400 milliwatts of 

Vg, - e1 + E1 = O 

v92 + e, + E 1 = o 

Vp, - e2 - E2 = o 

Vp2 + e2 - E2 = o 
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Fig. 6-A class B amplifier and the transistor dual. 
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+ 
R~ e f 

( b) 

audio output with a collector circuit efficiency of 60%. The same two tran­

si~t~rs which gave this result could not be made to deliver more than 25 
~Ilh,~•at!s output when used as grounded base amplifiers in a conventional 
circuit like that of Fig. 6(a). 

THE DUAL OF A BRIDGE STABILIZED OSCILLATOR 

Figure 7 (~) sh~ws the circuit of a bridge stabilized oscillator due to 
Me~cham,6 m which amplitude stabilization can be achieved through the 
act10n of a temperature sensitive resistance R ,,,hi"ch h ·t· r ,, as a pos1 1ve tem-

5 The Bridge-Stabilized Oscillator, L.A. Meacham Proc I R E 26 1938 
Sys. Ted, . Jl . I 7, 1938, p. 574; U. s. Pat. 2,303,485 _' · · · · , , p. 1278; Bell 
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perature coefficient of resistance. At the resonant frequency of the tuned 
circuit 

1 

Rr + l 
R" 

where Rx is the equivalent resistance of the tuned circuit at resonance. 
The circuit values arc chosen so that Rr is smaller than Rx and therefore the 
feedback is positive. As the amplitude of oscillation builds up, the increas­
ing signal level across Rr increases its temperature thereby increasing its 

:. ,i , 
Le Le 

----'''1057l0il50?5i00ITTC'~ "ITT5l'.llf'-~-_J 

, . Lp Le . 

+ 

lg 

Vg -,. Vp - eRT ,::: 0 - le - le - lRT' = O 

2Vp - eL - eRT = 0 -2 i. c - i.c,- i.RT' = O 

eL = ee Le'= LL' 

i.p + i.RT + i.L + i.e = o 

i.g+i.Rr-i.L - i.c=O (a) -ve+eRr'-ec'-eL'=O (b) 
Fig. 7-A bridge-stabilized oscillator and the transistor dual. 

resistance and bringing the bridge nearer to balance, so that the amount of 
positive feedback is reduced. This results in a stable amplitude of oscillation 
sufficient to make Rr slightly smaller than R:,. 

Figure i (b) shows the transformed equations and the dual transistor oscil­
lator. In this case, Rr, is a thermistor with a negative temperature coefficient 
of resistance. At the resonant frequency of the series tuned circuit 

i 
Rr, 

1. R:z:, 
-:-- = ' 1 C 1 + 

Rr, 

Rx' 

where Rx, is the effective series resistance of the tuned circuit at resonance. 
The circuit values are so chosen that Rr, is greater than Rx' and therefore 
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the feedback is positive. As the amplitude of oscillation increases, RT, is 
heated so that its resistance decreases and brings the bridge more nearly 
into balance. This reduces the amount of positive feedback until a stable 
amplitude of oscillation is reached with RT' only a little greater than Rx' • 

Meacham has shown that the stability of such an oscillator increases as 
the gain of the amplifier is increased. Since the vacuum tube amplifier of 
Fig. 7(a) can be made to give more gain than can be obtaine :I from a single 
transistor, the transistor oscillator of Fig. 7(b) is not as stable as its vacuum 
tube dual. If increased stability is desired, it can be obtained by using a 
two-stage transistor amplifier instead of the single transistor shown. 

CIRCUITS USING VACUUM TUBES AND TRANSISTORS TOGETHER 

Since the vacuum tube and the transistor are basically different kinds of 
circuit elements, it seems reasonable to suppose that there may be circuits 
in which both can be used together to advantage. Two examples of such 
circuits will be discussed. The first has to do with a very ingenious high 
efficiency linear amplifier designed by Mr. W. H. Doherty. 6 This amplifier 
is particularly suited for use with amplitude modulated radio frequ ency 
inputs. 

Figure 8 shows the basic features of one form of the Doherty amplifier. 
The networks N, and N2 are impedance inverting networks of the type 
already discussed and amount to ideal gyrators for frequencies near the 
carrier frequency. Tube T, is biased nearly to cutoff and works, for sma 11 
rf inputs, as a linear class B amplifier; while T2 is biased well below cutoff 
and is inactive except when the rf input is higher in level than the unmodu­
lated carrier. Downward swings of modulation are amplified by T 1 alone. 
which sees an effective load impedance just twice the value into which i t 

could deliver maximum power. Under these conditions the peak voltage 
swing of T, begins to approach the supply voltage just as the rf input reach es 
a value corresponding to the unmodulated carrier. For greater input signals 
T1, if acting alone, would begin to distort. But as the input signal is increased 
above the value corresponding to the unmodulated carrier, T 2 comes into 
action and contributes in two different ways to increasing the output signal 
linearly. First, T2 acts as a class C amplifier and delivers power to the load 
and second, through the action of the impedance inverting network N 

2 
, 

T2 acts in such a way as to lower the effective load impedance seen by T 
1 

• 

This makes it possible for T1 to deliver more power to the load without an 
increase in plate voltage swing. The result of all this, which is discussed in 
much greater detail in Doherty's papers, is a linear ·amplifier of u nusua I ly 
high efficiency. 

1 
A New High-Efficiency Power Amplifier for Modulated Waves, W. H. Doherty, 

Proc. l .R.E., 24, 1163 (September, 1936) . 
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The part of the circuit of Fig. 8 shown inside the dotted box amounts to 
a vacuum tube plus two gyrators, which is just the dual of a vacuum tube. 
Apart from a phase shift of 180° this is equivalent to a transistor. This part 
of the circuit can therefore be replaced by a transistor plus a phase reversing 
transformer to obtain the basic transistor-vacuum-tube circuit of Fig. 9. 
This results in a considerable simplification because the impedance inverting 
networks are no longer needed. 

The operation of the circuit of Fig. 9 is exactly similar to that of Fig. 8 
except that the transistor operates as the dual of T1 . This means that the 
transistor is given a large forward emitter bias so that collector voltage is 

L ________ _ __ __ ____________ __ j 

- -

Fig. 8-The basic arrangement of a Doherty amplifier. 

almost cut off. Under these circumstances, it is capable of operation as a 
linear amplifier. The load resistance is just half that into which the transistor 
could deliver maximum power. The transistor acts alone to amplify down­
ward swings of modulation (T 2 being biased well below cutoff as before) 
but as the input signal exceeds that of the unmodulated carrier the collector 
current swing begins to approach the maximum value permitted by the 
(current) supply and T 2 begins to contribute to the output in just the ways 
it did in the circuit of Fig. 8. First, it acts as a class C amplifier delivering 
power directly to the load and second, it behaves as a negative resistance 
bridged across the load and thereby increases the impedance into which the 
transistor works. This permits the transistor to deliver more power without 
increasing the collector current swing. 

Just as the basic Doherty circuit of Fig. 8 needs tank circuits to suppress 
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carrier harmonics, so also does the circuit of Fig. 9. When these are added 
the circuit of Fig. 10 is obtained. 

Doherty shows that there are two basic circuit arrangements for obtain­
ing the high efficiency linear amplifier action which he describes. One of them 
has been discussed above. By starting with Doherty's other arrangement, 

Fig. 9-The basic circuit of a Doherty-type amplifier using a transistor to replace a vac­
uum tube and two impedance inverting networks. 

·-----i" - 1'"", -----, 

Fig. 10-A Doherty-type amplifier in which low level signals are amplified by the tran­
sistor alone. 

one arrives at the circuit of Fig. 11. In this case, it is the vacuum tube which 
operates class B and the transistor which helps to supply the peaks by class 
C operation. At low input levels the transistor behaves as a short circuit 
and the vacuum tube works into an impedance just twice the value into 
which it can deliver maximum power. As the input signal increases above 
the carrier level the transistor begins to operate, contributing in two ways 
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to increasing the power output. First, it delivers power directly to the load 
and, secondly, it behaves as a negative resistance in series with the load, 
thereby decreasing the impedance into which the vacuum tube works and 
permitting it to deliver more power without increasing its plate voltage 
swing. 

LOAD 

Fig. 11-A Doherty-type amplifier in which low level signals are amplified by the vac­
uum tube alone. 

~ : LO,\D 

Fig. 12-A high efficiency untuned amplifier in which small signals are amplified by the 
vacuum tubes alone. 

The Doherty amplifier is limited to narrow band operation only because 
the networks N 1 and N 2 will behave as gyrators only over a narrow range 
of frequencies. Apart from a phase change of 180°, however, the transistor 
behaves as a vacuum tube plus two ideal gyrators and is therefore capable of 
acting as the dual of a vacuum tube over a wide band of frequencies. This 
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leads to the possibility of an entirely new, wide band, high e~ci~ncy ampli­
fier which operates on the same principles as the Doherty circuit._ 

Both the transistor part and the vacuum tube part of the amplifier ~ust 
be made push-pull in order that both halves of the input w_ave be amplified 
equally. In the circuit of Fig. 12 the vacuum tubes are biase~ for class B 
operation, while the transistors are given a large forward emitter current 
bias so that they are operated well below collector voltage cutoff. For ~ma~l 
input signals the transistors are inactive, serving simply as short e1rcu1t 
elements in series with the load. As the input signal reaches half the peak 

LOAD 

Fig. 13-A high efficiency untuned amplifier in which small signals are amplified by the 
transistors alone. 

permissible value the vacuum tubes begin to distort because their voltage 
swings approach the supply voltage. At this point the transistors begin to 
operate in two separate ways, just as in the Doherty amplifier. First, they 
work as class C amplifiers delivering power directly to the load and second 
they behave as a negative resistance in series with the load thereby serving 
to reduce the impedance into which the vacuum tubes work. This permits 
the vacuum tubes to deliver more power without increasing their plate 
voltage swing. 

Just as there are two forms of the Doherty amplifier, there are also two 
fonns of this wide band arrangement. In the second form shown in Fig. 13 
the transistors are biased for class B operation (near collector voltage cutoff) 
while the vacuum tubes are biased well below cutoff. For small signals the 
transistors act alone as class B amplifiers and the vacuum tubes act simply 

- 150 -



as open circuit elements in shunt with the load. As the instantaneous input 
signal reaches half the permissible peak value, the transistors begin to dis­
tort because the collector current swing begins to approach the value of the 
(current) supply. At this point the vacuum tubes begin to operate in two 
separate ways to increase the power output. First they act as class C am­
plifiers delivering power directly to the load and second, they behave as 
negative resistance elements in shunt with the load and thereby increase 
the impedance into which the transistors work. This permits the transistors 
to deliver more power without increased collector current swing. 

The circuits of Figs. 12 and 13 can both be adjusted to give reasonably 
linear performance. Perhaps the most interesting aspect of these circuits is 
that the theoretical maximum efficiency (for sinusoidal signals) is 93%. 
This should be a matter of importance in applications where the greatest 
possible power output is desired from transistors and tubes of limited dis­
sipation rating. 

It has been pointed out by Ryder and Kircher3 that a transistor with a 

just equal to unity behaves like a vacuum tube triode when operated with 
the emitter grounded. If transistors can be made to operate satisfactorily 
in this way with large signal swings then all the vacuum tubes in the circuits 
discussed in this section can be replaced by grounded-emitter transistors. 

GENERAL COMMENTS 

It is obvious that not all useful transistor circuits can be found in the 
manner presented in this paper and, furthermore, not all of the circuits found 
through the application of duality are useful. 

One limitation of the method is imposed by the fact that present day tran­
sistors correspond to rather low µ vacuum tubes. On this account, vacuum 
tube circuits which require high µ tubes for satisfactory performance will 
lead to inferior transistor circuits. If further development of the transistor 
produces higher values of a, this limitation will be reduced. 

Another limitation of the method comes from the failure of the transistor 
to produce a phase reversal. Although this is not important in many cases, 
and in other cases in which it is important a transformer provides a satis­
factory solution, stilJ the fact remains that transformers do not respond at 
d.c. and because of this fact some transistor dual circuits are useless. 

In spite of these limitations, the methods presented in this paper have led 
to a number of useful transistor circuits and may be expected to yield still 
more in the future. 
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APPENDIX 

The appendix is a brief account of some of the circuits which have been 
investigated with the aid of the methods described in the main text. The 
circuits shown do not exhaust all possibilities, and the specific configurations 
shown are not to be regarded as optimal choices. 

Figure 14 shows a one-stage resistance-capacitance coupled amplifier and 
its dual. In the input circuit of 14(a), C is a series element which passes alter­
nating currents and blocks direct currents. The dual element, L, in the input 
circuit of 14(b) is a shunt element which is a short circuit to direct voltages, 
but not to alternating voltages. The resistance R, is a shunt element which 
provides a path through the battery without creating a ~l10rt circ~it to 
ground for the alternating signal. Correspondingly, the resistance R1 pro­
vides a path around the current supply, which otherwise would be an open 
circuit for the alternating signal. 

The passive elements in the input circuit are also capable of acting as a 
source of self-bias. Suppose, for example, that R1 be connected directly to 
ground with no battery interposed and that the emitter current supply be 
removed. The resulting vacuum tube circuit is familiar. The usual explana­
tion of its behavior is that when the grid is driven positive and draws grid 
current, the condenser C becomes charged, and that subsequently the con­
denser discharges through the resistance R1 , supposed large enough to as­
sure a long discharge time constant. In this way the condenser is kept charged 
so that grid current flows only a small portion of the time. 

The behavior of the dual circuit is exactly analogous, but is much harder 
to explain simply because words and e>qxessions dual to those used abo\'e 
do not exist or are not in current use. For example, we speak of a condenser 
as "charged" when there is a potential between the terminals. There is no 
corresponding term for an inductor with a current passing through it. The 
explanation, nevertheless, might be as follows: The emitter norma lly pre­
sents a low impedance to positive input currents, and a high impedance to 
negative input currents. When the input current is negative, the high im­
pedance of the emitter blocks the current and a current is therefore drawn 
through the inductor L, in an upward direction as the figure is drawn. Sub­
sequently, when the input current becomes positive, the emitter presents a 
low impedance, and the current in the inductor is free to pass through R: 
and the emitter. It is supposed that the inductance is large enough so tha t 
the decay time constant of the inductor through R~ and the emitter is large. 
Then the current through the inductor will be approximately constant over 
a short period and will be a bias current. This current \\'ill regulate itself 
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so that the resultant emitter current is positive most of the time, becoming 
negative only long enough to keep the inductor "charged." 

The output circuit is easier to explain. The resistance R 2 provides a path 
through the battery which is not a short circuit. The resistance R~ provides 
a path around the collector current supply which does not have infinite im­
pedance to the signal. The loads ZL and Z; are the ultimate receivers of the 
amplified signal. The duality of the loads may be emphasized by pointing 
out that the condition corresponding to ZL = co is Z~ = 0. 

If the circuits are analyzed with the aid of the equivalent circuits dis­
cussed in the text, the voltage amplification of the vacuum tube circuit will 
be found to be 

f.m 

.!. + _!_ + _!_ l 

rp R2 Z1, 

while the current amplification of the transistor circuit is found to be 

rm 

These expressions are obviously duals 
Transistor amplifiers like the one shown in Fig. 14 can be connected in 

cascade. Three examples are shown in Fig. 15 (b) and (c) and (d). Figure 
lS(b) is the most obvious connection, and lS(c) and lS(d) have provisions 
for correcting the relative phase inver~ion that occurs in the transistor cir­
cuit. If the circuit equations for the three examples are written out, it will be 
discovered that only lS (c) ancl lS(d) are duals (in the sense defined in the 
text) of the vacuum tube ci rcuit lS(a). The remaining example, lS(b), is the 
dual of a peculiar looking circuit with one vacuum tube inverted. 

In the range where operation is nearly linear, the three cascaded amplifiers 
behave much alike; and lS (c) and lS(d) can be regarded as pedantic at­
tempts to make the signs come out "right." As soon as non-linear operation 
is encountered, however, the differences between the circuits become pro­
nounced. This will be clearer when multivibrators are considered. 

Figure 16 shows a variation of one of the circuits of Fig. 15 designed to 
operate on a single power supply. A circuit like this with four cascaded stages 
has been built ancl tested, and was found to work satisfactorily with selected. 
matched transistors. The two extra resistors in each stage, R 1 and R2 , 
are voltage dropping resistors, chosen to balance the voltage drops in the 
emitter and collector circuits respectively. 

Figure 17 shows a multivibrator, co_nveniently illustrated as a two-stage 
RC coupled amplifier with its output connected to its input. Below are shown 
three circuits, of which the first is almost a dual and the other two are duals 
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of the vacuum tube circuit. Thefirsttransistor circuit, 17(b), fails to be a dual 
in that besides having positive feedback around two stages, it has positive 
feedback in each stage separately. This is avoided in 17(c) by an isolating 

(a) ( b) 
Fig. 14-Resistance-capacitance coupled amplifier and dual. 

(c) 

(d) 

Fig. 15-Cascaded amplifier and duals. 

transformer. It has been shown nevertheless by practical tests that 17 (b) 
acts as a multivibrator, and is perhaps even a better circuit than the others. 
It has the interesting characteristic that the two inductors are in parallel, 
and hence may be replaced by a single inductor. 

One explanation of the operation of a vacuum tube multivibrator is this. 
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Suppose one grid is at a large negative potential, cutting off that tube, and 
the other is at a positive potential or at zero potential. The potential of the 

Fig. 16-Two-slage transistor amplifier using a single power supply. 

i 
T 

(al 

(dl 
Fig. 17-Multivibrator and duals. 

negative grid rises toward zero at a rate controlled by the grid resistor and 
the coupling condenser. When the grid potential rises above the cutoff 

- 155 -



• 

voltage, the plate potential falls, and the positive feedback accelerates the 
process so the first grid rises to a positive potential and the other grid falls 
to a large negative potential. The process is then repeated. 

The dual behavior of the transistor multivibrator is as follows: Suppose 
that the emitter current of one transistor is very large, and of the other 
about zero. The large emitter current passes through the emitter, an in­
ductance, and a small resistor, and will decay at a rate controlled by the in­
ductance and the effective resistance of the resistor and emitter. As it decays, 
no effect will result in the collector circuit until the emitter current falls 
below the collector voltage cutoff point, after which the collector current 
will decrease. The emitter current of the other transistor will increase, as a 
consequence of the phase inversion built into the circuit, and the collector 
current of the second transistor will increase. As a consequence of positive 
feedback, the whole process will accelerate suddenly and proceed until the 

□---------------' 

(a) ( b) 
Fig. 18-Cathode follower and dual. 

emitter current of the second transistor is large and that of the first is zero 
or negative. The process will then repeat. 

Figure 18 shows a simple cathode follower and its dual. It has been ex­
plained in the text that, in circuits where the cathode current or the grid­
to-plate voltage play an important part, the dual circuit will usually require 
a transformer. Alternatively it may be said that, in any circuit in which 
feedback in a single stage plays an important role, a transformer may be a 
necessity. In fact, we have found it impossible to avoid the use of a trans­
former in the dual of the cathode follower. 

The transistor circuit shown will need another power supply for emitter 
bias, and a blocking condenser to prevent the bias current from flowing 
through one winding of the transformer. The power supply is required be­
cause the transformer will not transmit d-c. signals, and the condenser is 
necessary because the d-c. impedance of a transformer winding is nearly 
zero. Extra blocking condensers will appear in association with transformers 
in many circuits, especially in cases where the transformer is being used as 
the dual of another transformer. 

A vacuum tube cathode follower ordinarily has a high input impedance 
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and a low output impedance, and has a voltage gain nearly equal to one. 
The dual circuit has a low input impedance and a high output impedance, 
and a current gain nearly equal to one. This comes about as follows: Suppose 
the collector circuit resistance and load are small. Then the collector is ap­
proximately at ground potential. Let the input current increase. This tends 
to increase the voltage drop from base to collector, and therefore the base 
potential tends to rise. This rise is transmitted to the emitter by the trans­
former, and therefore the emitter current rises. The rise in emitter current 
causes a drop in collector resistance, and counteracts the tendency for the 
collector-to-base voltage to rise. The result is that the input current passes 
through the collector circuit into the load without any corresponding rise 
in voltage between base and ground. This means that the input impedance 
is low. Of course, not all the input current passes to the load; some is passed 
to the emitter circuit. In a practical case tested, using a transistor whose 

/,- I- , ~ 

(a ) ( b) 

Fig. 19- Plate detector and dual. 

base and emitter resistances were of the order of a few hundred ohms, with 
a load of 5000 ohms, the current gain was about . 70 and the input impedance 
was about 40 ohms. 

Figures 19, 20, and 21 show several amplitude modulation detectors and 
their duals. The purpose of all these circuits is to derive from an amplitude 
modulr, ted wave a wave proportional to the envelope of the given wave. 

Figure 19 shows a plate detector and its dual. The plate detector looks like 
a single-stage amplifier with a low-pass filter in its output circuit. It is 
biased approximately to plate current cutoff. As an amplifier it amplifies 
approximately the upper half of the input wave and does not pass the lower 
half. The filter smooths the succession of current pulses in the plate circuit 
and gives an output proportional to the average of the upper half of the 
input wave. If the input is a true amplitude modulated wave, this is also 
proportional to the envelope. 

The dual circuit operates in the same way. The circuit looks like a one­
stage amplifier with a low-pass filter in the collector circuit. It is biased to 
collector voltage cutoff. The negative part of the input signal is amplified, 
and the positive part is not. The collector voltage is a succession of pulses 
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of varying amplitudes. These are smoothed by the filter; and the output, 
as before, is proportional to the envelope of the input. 

It is important for the proper operation of these circuits that the filter 
in the plate detector have low input impedance outside of the pass band, and 
that the filter in the dual circuit have low input admittance outside of the 
pass band. The exact form of the filter is immaterial. 

Figure 20 shows a grid leak detec'tor and its dual. The operation of the 
grid leak detector depends on the same principles as that of the grid leak 
bias circuit described before. The time constant of the bias circuit is chosen, 
however, so that the bias will be able to vary fast enough to follow the en-

(a) (b) 
Fig. 20-Grid leak detector and dual. 

r ~--------___,. __ __. 
(a) (b) 

Fig. 21-Infmite impedance detector and dual. 

velope of the input wave. The overall grid voltage or emitter current is then 
the input with a super-imposed wave proportional to the envelope of the 
input. These are amplified together, and the undesired high-frequency com­
ponents are removed by a filter in the output circuit, leaving only the en­
velope wave. The filter must have approximately the same qualities as in 
the previous case. 

Figure 21 shows an infinite impedance detector and its dual. This can be 
thought of as a cathode follower with a large capacitor across the cathode 
resistor. This capacitor charges through the comparatively low impedance 
of the tube when the signal is positive and reaches approximately the peak 
potential of the input wave. When the input voltage falls, the tube is cut 
off and the condenser must discharge through a comparatively high im­
pedance. If the time constant of the discharge is properly chosen, the con-
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denser will remain charged approximately to the instantaneous peak value 
of the input wave, which is the envelope of the input. The transistor circuit 
works in a similar way. When the input current is positive, the circuit be­
haves like a cathode follower, and a current is sent through the inductor L 
which is approximately equal to the input current. When the input current 
falls, the emitter current rises, and the collector presents a low impedance. 

-
t ::: - ZL 

o-tl•---: -------i--l•r---° 

RF AF 

(a) 
Fig. 22-Plate modulator and dual. 
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Fig. 23-Constant current modulator and dual. 

The current through the inductor then decays slowly through the load and 
the low collector impedance. Each time the input signal has a positive peak, 
the effect is to draw a large current through the inductor, which persists dur­
ing the rest of the cycle. 

The dual of the infinite impedance detector is not a very attractive circuit, 
because the transformer must act for the carrier frequency as well as for 
the envelope frequencies. 

Figures 22, 23, 24, 25, 26 and 27 show various amplitude modulator 
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circuits and their duals. These have as their object the production of a carrier 
frequency wave with a given envelope. 

Figure 22 shows a plate modulator and its dual. This circuit makes use 
of the fact that the output of a class C amplifier is proportional approximately 
to the plate supply voltage. In 22(a) the vacuum tube acts as a class~ amJ:>li­
fier amplifying the carrier frequency wave, and the supply voltage 1s vaned 

0 

n2 J.:\ 
• __::J- \ 

AF I 

n,•~ ,/ 
I ,,_ o--------r-;, 

RF ~ t 
(b) 

Fig. 24-Modified constant current modulator and dual. 
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(a) (bl 
Fig. 25-Grid modulator and dual. 

by adding to it the modulating voltage. The peak output voltage thus varies 
with the modulating voltage. The dual transistor circuit, 22(b), is also a 
class C amplifier, with its collector supply current varied by the addition of 
a modulating current. The output is proportional approximately to the total 
supply current, and hence varies with the modulating current. 

Figure 23(a) shows a particular embodiment of the plate modulator which 
is called a constant current modulator, because the total supply current to 
the two tubes in the circuit is (approximately) constant. It is easier to ex-
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plain this circuit by saying that the output of class C amplifier is propor­
tional to the supply current. Two tubes, one a sort of audio amplifier and 
one a class C amplifier, are connected in parallel to a single constant current 
power supply consisting of a battery in series with a large inductor. The 

---1==:AFO 1 r ~ 

~f' t ~ 1 I j I 
I 
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I 
I 
i z~ I 
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(a) ( b) 

Fig. 26- Cathode modulator and dual. 
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(b l 
Fig. 27-General balanced modulator and dual. 

class C amplifier can use only the current not used by the modulator tube, 
and hence its output varies inversely with the plate current of, and hence 
inversely with the grid voltage of, the modulator tube. The dual, Fig. 23(b), 
consists of a class C transistor amplifier in series with a class A modulator 
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transistor, connected to a source of constant voltage approximated here by 
a constant current supply in parallel with a large capacitor. The voltage 
available for the operation of the class C amplifier is the difference between 
the supply voltage and the collector voltage of the modulator transistor. 
Inasmuch as the output of the class C amplifier is proportional to its supply 
voltage, it is clear that the output will vary directly with the emitter current 
of the modulator transistor. 

Both the vacuum tube and transistor circuit of Fig. 23 suffer because the 
modulator element can never take all of the available power supply voltage 
or current, and hence 100% modulation cannot be attained. The circuits of 
Fig. 24 correct this defect with a transformer, which amplifies slightly the 
variations in current or voltage in the modulator element. In both circuits 
n2 > n1 , and the total supply current or voltage is no longer constant, but 
it is nearly so. 

Figure 25 shows a grid modulator and its dual. Here the non-linearity of 
the transfer characteristics in the neighborhood of the cutoff point is made 
use of directly to produce modulation products. The tube is biased approxi­
mately to plate current cutoff, and the transistor approximately to collector 
voltage cutoff. The desired modulation products are selected by a tuned 
circuit. 

Figure 26 shows a cathode modulator and its dual. These circuits combine 
some of the features of the grid modulator and of the plate modulator. Un­
fortunately the phase relationships are such in the transistor circuit that 
a transformer is required, and this transformer must be able to pass modula­
tion frequencies as well as carrier frequencies. 

The circuits of Fig. 25 and Fig. 26 can be operated as large-signal devices, 
using the gross non-linearities of the circuits to produce modulation products, 
or as small-signal devices, when they operate as 'square law' devices. They 
can, moreover, be combined to form various push-pull or balanced modula­
tors. An example of such a circuit is shown in Fig. 27(a). This circuit has 
two inputs and two outputs. If it is operated as a square-law device the rela­
tions between the input and output frequencies will be as follows: 

/npu: 0111pu1 

1 2 1 2 
a 2a a 

a a, 2a 
a b b, 2b, 2a a, a+b, a-b 

a, b 2a, 2b, a+b, a-b a, b 
a, b a, b, 2a, 2b, a+b, a-b 

The same relations hold for the dual circuit, Fig. 27(6). The action of the 
dual circuit is analogous to that of the vacuum tube circuit. It is a two­
transistor circuit operated at the same time as a push-pull circuit and as two 
transistors in series, in phase. At various points in the circuit certain com-
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ponents of the signal are zero because of the symmetries of the circuit. Notice 
that the dual of two vacuum tubes in parallel is two transistors in series. 

Figure 28 shows a modulator which bears the same relation to the mod­
ulator of Reise and Skene ( U. S. Patent 2,226,258) that the amplifier of 
Fig. 11 of the test bears to the Doherty amplifier. The carrier wave is fed 
into the tube and the transistor in the same way that the signal is fed into 
the amplifier, and the modulating signal is fed into the grid and the emitter 
through the transformers AF 1 and AF 2 . The effect of the modulating signal 
is to vary the biases of the active elements. Inasmuch as both elements are 
used as class B or C amplifiers, their outputs are dependent on their biases. 

rai 

Fig. :!3-High efficiency modulator. 
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I I/ 1 

I t-h--, , : 
I I 
I I 

I 
I 
I 
I 

I 
I 

L- ----- _J 

Fig. 29-Hartley oscillator and dual. 
(bl 

If the RF signal is large enough, and if the phases and turns ratios of the 
transformers are carefully chosen, the amplitude of the output will be nearly 
proportional to the modulating signal. A similar modulator can be based 
on the circuit of Fig. 10. 

Figure 29 shows a Hartley oscillator and its dual. The configuration of 
elements in the Hartley oscillator may seem unfamiliar, but is chosen de­
liberately to emphasize the point of view that the Hartley oscillator is an 
amplifier with feedback through a coupling network. The part of the circuit 
enclosed in dotted lines is the coupling network. The dual circuit is also an 
amplifier with a coupling network, but because of the fact that the vacuum 
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tube has an inherent phase reversal and the transistor has not, an extra 
transformer is needed in the coupling network. It is conveniently placed as 
shown where it can be combined with the inductor. The input circuits to the 

I 

amplifiers have self bias circuits which have already been described. 
The Colpitts oscillator is similar to the Hartley oscillator. The difference 

lies in the coupling circuit. Figure 30 shows the coupling circuit for the 
Colpitts oscillator and its dual. The tuned-plate tuned-grid oscillator can be 
treated in exactly the same way. 

(a) (b) 
Fig. 30-Colpitts coupling network and dual. 

(al 
Fig. 31-Transistor oscillator coupling networks. 

The coupling circuits used in successful vacuum tube oscillators are char­
acterized by having a phase shift of 180°. This can be done with structures 
like low- or high-pass filter sections, by R-C networks, and in other ways. 
On the other hand, the coupling network required for a good transistor os­
cillator must have zero (or 360°) phase shift. It is therefore probably not 
most easily arrived at by designing a 180° phase shifting network and add­
ing a phase inverting transformer. Two simple coupling networks which 
have zero phase shift are shown in. Fig. 31. These are both band-pass struc­
tures which lead to oscillation in the pass band. Of the two, the network of 
Fig. 31(b) gives a more rapid change of phase with frequency and hence leads 
to a more stable oscillator. In addition, this circuit has the potential ad­
vantage of providing means for matching impedances. 
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Some Circuit Aspects of the Transistor 

By R. M. RYDER and R. J. KIRCHER 

INTRODUCTION 

'"T""HE purpose of this note is to discuss in a general way some circuit 
.l aspects of the transistor. It is rather interesting that in order to discuss 

its circuit aspects, little direct reference to the transistor is necessary. One 
needs only certain properties of the transistor which are empirically ob­
tainable by measurement; these properties then determine behavior in the 
manner prescribed by the methods of general network theory. In principle, 
one needs no knowledge of the physics of the transistor in order to treat it 
circuitwise; any "black box" with the same electrical behavior at its term­
inals would act the same way. 

It is rather fortunate for our purposes that the problem does separate 
nicely in this way. The operation of the transistor is reasonably well under­
stood; but, for calculations of performance from physical properties, the 
numerical parameters needed are somewhat inaccessible, numerous and com­
plicated. The paper by Shockley1 gives some calculations of this kind which 
arc illuminating for theoretical understanding. However, just as with elec­
tron tubes, practical engineering calculations often do not need to go back 
to the ultimate physics. Starting from the electrical properties of the transis­
tor as empirically determined by measurements on its terminals, we need 
go only to the literature of electrical engineering to find much practically 
useful information on properties of circuits which could be built around the 
unit. 

This method of characterizing the electrical performance of a device more 
or less independently of its physical construction has come into wide use 
in recent years. A considerable amount of work has been done with applica­
tions to both electron tubes and transistors at the Bell Telephone Labora­
tories by L. C. Peterson.2 The purpose of the present note, however, is not 
to go deeply into the subject but rather to review it in a general way, in­
dicating applications to some of the simpler transistor circuits and com­
parisons with electron tubes. For more profound analyses one may refer to 
Peterson's work. 

1 "The Theor)'. ?f p-n Junctions in Semiconductors and p-n Junction Transistors," 
W. Schockley, this issue of The Bell System Teclznicat Journal. 

2 "Equivalent Circuits of Linear Active Four-Terminal Networks" L C Peterson 
Bell System TeclznicalJ011maJ, Oct. 1948, pp. 593--622. ' · • ' 
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The method used for circuit analysis may be grouped under the following 
headings: 

1. Linear problems, like low-level amplifiers or the question of onset of 
oscillations. Such problems visualize the transistor as making only 
small excursions from an assumed operating point and are best treated 
by the method of small-signal analysis. The unit is assigned an equiv­
alent circuit or, in mathematical terms, is dealt with by means of linear 
equations. 

2. Slightly non-linear problems, like Class A power amplifiers. Here the 
excursions about the operating point are large enough to bring in 
higher-order effects like harmonic generation or intermodulation, but 
still small enough so that these effects can be treated by adding to 
the equivalent circuit certain distortion generators. Mathematically, 
some terms need to be added to the linear equations but these terms are 
of the nature of corrections, not big changes. 

3. Highly non-linear problems, such as Class B or C amplifiers, oscillators, 
switches, harmonic generators. Here the excursions about the charac­
teristic are so large as to reduce the linear approximation to the status 
of a qualitative guide or perhaps to invalidate it entirely; mathema­
tically, the small signal series either require many terms for accuracy or 
else do not converge at all. These large-signal problems usually have to be 
treated by methods special for each problem. Frequently one uses graph­
ical constructions from the static characteristics, or analytical methods 
starting from reasonable approximations to the static characteristics. 

4. Finally, in certain highly non-linear problems the non-linear features 
are in a sense subsidiary; one is really interested in the behavior of a 
superposed small signal subject to a linear analysis. The non-linear 
part of the problem may appear in the form of circuit parameters or 
frequency shifts which may be left for empirical determination. Such 
problems are exemplified by mixers, modulators; or switches. 

The subsequent discussion will emphasize mainly the linear problems 
where the methods of circuit analysis are most effective, but will touch on 
some of the other fields occasionally. 

THE TYPE A TRANSISTOR 

Perhaps at this point is the place to pay our respects to the physics of 
the transistor. A view of the Type A transistor3, currently being made in 
small quantities, is shown in Fig. 1. It is about ½ inch long and -?-r. inch 
in diameter. Two small phosphor bronze "cat-whiskers" make point contacts 
close together to a block of germanium. A large area ohmic contact to the 

3 "Type A Transistor," R. M. Ryder, Bell Laboratories Record, March 1949, pp. 89-93. 
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germanium constitutes the third electrode, called th_e base. How it works is 
shown in a purely descriptive way in Fig. 2. One pomt, called the collector, 

SCHEMA11C 
DIAGRAM 

E C 

¥ 
B 

Fig. 1-Cutaway view of transistor. 

COLLECTOR 

Fig. 2--Transistor mechanism. 

is a rectifier biased strongly in the low-conducting direction. It therefore has 
a rectifying barrier in the germanium near it, which causes the collector 
impedance to be high. However, the collector can be influenced by the 
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emitter if the latter is arranged to emit ano~alous charge carriers, that 
is, carriers of the sign not normally present in the interior of the material. 

EQUIVALENT CIRCUITS 

As has been explained by Bardeen, Brattain, and Shockley, many features 
of the transistor are nicely explained by this picture of its action; but, for 
present purposes of circuit analysis, we shall now take the purely empirical 

CIRCUIT 

:.i---------------1:e,w□a,:<>+---1 t z, 

EQUI VALENT CIRCUIT 

Equations 

Circuit determinant 

input impedance 

Output impedance 

:.t ,.__ _____ ___. 

i1(Z0 + '511) + i::'}512 = va 
i1~21 + i:!('}5:n + ZL) = 0 

6 = (611 + Zo) (~:n + ZL) - 15ni21 

Zn= 'v11 _ '512~21 
'522 + ZL 

Operating power gain Go= 4RaRL \ -~
21

\

2 

I 6 

. . I (Za + ZL)%1 1 

Inserl.lon power gam G, = I 
6 

J 

Fig. 3-Synopsis of general four-pole-impedance analysis. 

view and regard the transistor as a black box whose performance is to be 
determined by electrical measurements on its terminals. 

A picture of a black box is shown in Fig. 3 along with the equations de­
scribing it. The performance is completely characterized if one knows the 
voltage and current at each of the two pairs of terminals. Now, of these 
four variables, only two are independent since, if any two are fixed, the other 
two are determined. One can therefore describe the network in terms of 
any two variables and, since there are six possible ways to choose a pair of 
variables from a set of four, there are six ways of describing the network. 

To recall what is done for electron tubes is helpful. In the case of a triode 
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the voltages on grid and plate are usually taken as independent variables; 
the grid and plate currents are taken as functions of the voltages . It be­
comes n·atural, then, to measure tubes with regulated power supplies having 
low impedances to keep the voltages constant, and one is then na turally led 
to describe tubes in terms of admittances. Now the trouble with this scheme 
for transistors is that many of them oscillate when connected to low im­
pedances, that is, many transistors are short-circuit unstable. To avoid this 
difficulty it is convenient to measure with high impedances in the leads; 
the analytical counterpart is to regard the currents as independent variables , 
leading naturally to a description of the transistor in terms of impeda nces , 
as shown in the figure. 

This description by open-circuit impedances happens to be a good one 
for many purposes, but there is nothing final or unique about it . In fact at 
high frequencies one of the other descriptions becomes more convenient. 

By interpreting the ~ equations as circuit equations, one is led directly 
to the first equivalent circuit of Fig. 4. A little consideration shows why the 
'3's are called open-circuit impedances. For example, if the second m esh is 
open-circuited, then the equation say that '311 is the ratio of input voltage 
to input current, that is, the input open-circuit impedance; while '521 is the 
ratio of output voltage to input current, that is, the open-circuit forward 
transirnpedance. Similarly '312 is the open-circuit feedback transimpedance 
and '322 is the open-circuit output impedance. Most of the subsequent dis­
cussion is concerned with low frequencies, where the impedances reduce to 
resistances. 

This equivalent circuit for small signals is only one of many possibilities. 
Another, which is in fact more frequently used, is shown on Fig. 4. It con­
sists of a T of resistors, each of which is associated with one of the t ransistor 
leads, and a voltage generator in series with the collector lead whose ratio 
to the emitter current is also of the dimensions of a resistance. The elements 
of this equivalent circuit are related to the former one by a simple sub­
traction. The other equivalent circuit on Fig. 4 is obtained by converting 
the series voltage generator to the equivalent shunt current generator, 
whose ratio to the emitter current is now a dimensionless constant which 
we shall call a. 

These circuits, as well as all the other numerous possibilities, are equiva­
lent in the sense that they all give exactly the same performance for any 
external connection of the unit. These three, however, are particularly well­
behaved in that usually none of the circuit elements is negative; they are 
readily accessible to measurement ; the association of the various circuit 
elements with corresponding regions within the transistor appears to have 
some physical significance; and, finally, the parameters are not too dread­
fully dependent on the exact operating point used. 
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In the choice among various equivalent circuits, it appears that the op­
timum of convenience is also the one which most closely approaches the 
underlying physical situation. In agreeing to use the black box approach we 
have resolutely ignored the physical details, but here they are presenting 
themselves in a new way, having sneaked in the back door after we barred 
the front. Now, however, having chosen an equivalent circuit, we shall 
continue pursuing the circuit analysis in resolute ignorance of the physics. 
In what follows various equivalent circuits may be used, depending on the 
convenience of the moment. 

i.,-

(a) 

Z£ 'Zc 
Le - o----'\ ,,---......,--.1\ v-----,-~-i.c 

Zm i. e 
(b) 

~ ,,------o ..-Le 

(c) 

Figs. 4-Some equivalent circuits. 

CONSTANT-[ 
CURRENT 

GENERATOR j HIGH-
IMPEDANCE 

VOLTMETER 

Fig. 5-Principle of measurement method. 

The principle of a method used for rapid measurement of the transistor 
impedances is shown in Fig. 5, illustrating the measurement of forward 
transimpedance. A pair of terminals of the transistor is driven by a small 
alternating current of a few thousand cycles from a high impedance gen­
erator; the voltage developed is read by a high-impedance voltmeter. By 
calibrating the meter directly in ohms, one can read off the open circuit 
resistances of the unit as rapidly as one can switch and read meters. 

Average values found by this method for the Type A transistor are shown 
on Fig. 6, together with data on the direct-current operating point. Since 
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development is still at an early stage, there are considerable variations 

between units. 

SINGLE STAGE AMPLIFIERS. STABILITY, 

ELECTRON TUEE ANALOGY 

An amplifier can be built in a straightforward manner by using the emitter 
as input electrode and collector as output electrode, the base being common 
to the two circuits. This amplifier is therefore called the grounded base 
amplifier. Figure 7 shows a schematic circuit using the average parameters 
just mentioned, working between 500 ohms and 20,000 ohms. The ampli­
fier has an operating power gain of 17 db, power output Class A 10 milli­
watts, noise figure at 1000 cycles 60 db with a variation inversely with fre­
quency, and frequency response down 3 db at 5 megacycles. 

Type A Transistor 

D.C. Operating Point: I, = 0.6 ma 
I, = -2 ma 

Circuit Parameters: r, = 240 ohms 
r, = 19000 ohms 
~n = 530 ohms 
~ 21 = 34000 ohms 

V, = 0.7V 
Ve = -40V 
rb = 290 ohms 
r,. = 34000 ohms 
'512 = 290 ohms 
~22 = 19000 ohms 

Fig. 6-Equivalent circuit parameter values. 

Some comments are in order on how this amplifier compares with an 
electron tube amplifier. First of all, the amplifying function and the manner 
of analyzing it from the circuit point of view are very similar, even though 
the internal mechanisms are markedly different. Secondly, there are quali­
tative differences in circuit behavior, which are set forth on Fig. 8. The 
base resistance rb acts as a positive feedback element which, under adverse 
conditions, can cause the circuit to oscillate. A necessary condition for 
stability is that the circuit determinant shall be positive, and this can be 
written as follows: 

(1) 

Here the quantity rm is the net mutual resistance of the transistor, and 
the capital R's are the total resistances in the corresponding leads, internal 
and external. One can see several features, as follows: 

1. If RB = 0, the circuit can be stable. 
2. If RB> 0, as usual, the circuit can be stable if the emitter and collector 

lead resistances are large enough or if rm is not too large. In other 
words, resistance in the base lead tends toward instability if rm is 
large; resistance in emitter or collector leads tends toward stability. 
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In the grounded base circuit the property of low base resistance is im­
portant, since the backward transmission depends directly on this property. 
In circuit terms, the base impedance is the feedback impedance in 
the grounded base circuit, and its value helps to set a limit on the stable 
gain which can be realized. 

CIRCUIT 

TUBE ANALOGY - GROUNDED GRID 

EQU IVALENT CIRCUIT 

Equations: i1 ( Ra + r, + r b) + i2 rb = va 
ii(rb + r.,,) + i2(rb +re+ RL) = 0 

Circuit determinant ~ = (Ra+ r, + rb)(RL +re+ Yb) - rb(rb + rm) 
> 0 for stability 

Input impedance 
rbh + rm) 

Ru = r, + rb - ----­
RL +re+ Tb 

rb(rb + rm) 
Output impedance R22 = re + rb - - ----

Ra+ r, + rb 

Operating power gain Go = -lRaRL (-(rb: r ,"))
2 

Typical values: For Ra = soow, RL = 20,000"' 
Then Ru = 280W, Rz,i = 9600w 

Go = 17db 

Fig. 7-Synopsis of grounded base amplifier. 

The grounded base circuit has properties which are strongly reminiscent 
of the grounded grid electron triode amplifier in that both have low input 
impedance, high output impedance, and no change of signal polarity in 
transmission. The analogy was pointed out by Shockley. That this similarity 
is no coincidence can be seen by comparing the third equivalent circuit 
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above with the triode equivalent circuit of F. B. Llewellyn and L. C. Peter­
son• in Fig. 9. Both circuits have the same topological form, and have 
similar impedance levels if the triode is considered to be operating in the 
frequency range of some tens of megacycles. The most important difference 
concerns the quantity a, a current amplification factor which, for the tran­
sistor, may be considerably greater than unity; while the analogous quantity 

Can be stable if: 

~ < l + Rg + Rg 
~ Rb Re 

R's include resistive elements both internal and external to the transistor 

Fig. 8-Stability 

TRANSISTOR 

E 

Y21 • 
I %LK 

y;;- ~ 
lK-o--J\M-r-j ~ 

_I_ C22 

µC22 :::r 

V 

a> 1 USUALLY Y21 - : 1 
Y11 

Fig. 9-Transistor-electron tube analogy. 

for the triode is close to unity for usual conditions. Another difference of 
' 

less importance! is the fact that the tube quantities analogous to r0 and rb 
are capacitative reactances; their ratio, however, is like the ratio of r0 to rb 
in magnitude. 

One of the first consequences of this transistor-tube analogy is the sugges­
tion that different transistor connections analogous to the different electron 
triode connections may be interesting.3 The analogy makes emitter analogous 

4 "Vacuum Tub~ Networks," F. B. Llewellyn and L. C. Peterson, Proc. J.R.E., March 
1944, page 159, Fig. 13. 

I Loe. dt. 
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to cathode, base to grid, and collector to plate; the conventional or grounded 
cathode tube connection is therefore analogous to the grounded emitter 
connection of a transistor, shown on Fig. 10. It is found that when a ,_ 1 
the analogy is fairly close, in that the transistor has comparatively high-

CIRCUIT 

TUBE ANALOGY - GROUNDED CATHODE 

EQUIVALENT CIRCUIT 

Equations: i1(Rc + rb + r,) + i2r, =Va. 
i1(r; - r,.,.) + i-.i.(RL + r, + r. - rm) = 0 

Circuit determinant: t:,. = (Ra+ rb + r,)(RL + r, + ,. - r,,.) + r,(r,,. - r,) 
> 0 for stability 

Input impedance 

Output impedance 

Operating Gain 

Backward Operating Gain 

CF = 4 RaR{'"' ~ ')
2 

GR = 4 RaRL ( ~ )2 
Typical values: For Ra= 500"', RL = 20000"'. Then R11 = 2100"', R'!!. = -6900"', C, = 

24db, GR = -19d~ 

Fig. 10-Synopsis of grounded emitter amplifier. 

input impedance, high-output impedance, and changes signal polarity in 
transmission. When a > 1, as is usual, the analogy becomes less close, and 
feedback effects tend to become large and obnoxious; the open-circuit 
output impedance is usually negative. This behavior is readily under-
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standable from stability considerations, since the base lead is now one of 
the signal terminals and, as before mentioned, putting resistance in the 
base lead tends toward instability if a is enough greater than unity. The 
effect is so severe that often it is worth while to add resistance in the collector 
lead, thereby reducing a to the neighborhood of unity, and simultaneously 
reducing the amplifier to a state of greater tractability. 

Another feature of the grounded emitter amplifier is that the base re­
sistance ri, is usually negligible, in contrast to its pronounced effect on the 
reverse transmission of the grounded base amplifier. The role of feedback 
element is taken over here by the emitter resistance r0 • These considerations 
have important effects on the properties of cascaded amplifiers and will be 
reverted to later. 

For numerical comparison we might work the grounded emitter amplifier 
between the same two terminations as the grounded base amplifier above, 
namely from 500 into 20,000 ohms. It would then have a gain of about 
24 db, an improvement of 7 db over the grounded base, with about the 
same power output and noise figure. This improvement is obtained at 
greater risk of oscillation; in fact the output impedance of this amplifier 
is negative. 

The remaining tube connection - the cathode follower or grounded plate 
- is analogous to the grounded collector connection (Fig. 11); again, when 
a = 1 the analogy is fairly close, in that the transistor has high-input im­
pedance, low-output impedance, and no change of polarity in transmission. 
In fact when a = 1 the device is usable in very much the same manner as 
the cathode follower. The power output is lower than the other connections 
because the output electrode (the emitter) does not carry much direct 
current. 

However, when we make a greater than 1 the effect is even more pro­
nounced than it was in the grounded emitter case. As a increases from 1, 
the grounded collector amplifier rapidly loses its resemblance to the cathode 
follower and begins to transmit in both directions as a bilateral element. 
When a = 2, the operating gains in the two directions are the same; and 
for a > 2 the transmission is actually greater in the "backward" direction. 
Another curious feature is that, while the "forward" transmission is still 
without chan5e in signal polarity, the "reverse" transmission inverts the 
signal polarity. 

In any device which is supposed to give gain in both directions, naturally 
stability must be a controlling consideration. This amplifier is of course 
still subject to the aforementioned stability condition (1) and it is found 
that with care one can actually get power gains in both directions of trans­
mission without instability, i.e. a simple bilateral amplifier is present. One 
numerical example may suffice. Assume a transistor having the properties 
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r0 = 250 ohms, rb = 250 ohms, re = 20,000 ohms, rm = 40,000 ohms, so 
that a = 2 and both base and emitter resistances r0 and rb are negligible. 

Equations: 

CIRCUIT 

TUBE ANALOGY - GROUNDED PLATE 

(CATHODE FOLLOWER) 

v:3 17:, 

i1(Ra +Tb+ re) + i~(re - rm) = Va 
ii re+ i2(RL + r, + r, - rm) = VL 

Circuit determinant ~ = (Ra+ rb + r,) (RL + r, + r, - rm)+ r,(rm - r,) 
> 0 for stability 

Input impedance 

Output impedance 

Operating Gain 

Backward Operating Gain Gn = 4 RaRL (- r,t:i,.+ rmy = (1 - a) 2GF 

Typical values: 
For Ra = 20000W, RL = 10000W 
Then Ru = -41000"' 

R-n = - 7 600"' 
GF = lSdb 
Gn = 13db 

fig. 11-Synopsis of grounded collector amplifier 

Working between 20,000-ohm terminations, such an amplifier should have 
6 db power gain in both directions and should still be stable even if one of 
its terminations changes SO% in the unfavorable direction. 
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The grounded emitter connection can also exhibit bilateral properties. 
Recapitulating these three single-stage amplifiers, we see that when a = 1 

their properties are close enough to the analogous electron tube arrange­
ments to be easily remembered; but that, when a is different from 1, their 
properties begin to diverge from their tube counterparts. Some of these 
circuits will perform in a simple manner functions which are impossible to 
the analogous tube connections, although of course the functions could be 
accomplished by using more tubes or more complicated circuits. 

FREQUENCY RESPONSE 

So far the analysis of transistors has been given only for the res1st1ve 
case, appropriate at low frequencies. When the frequency is raised, reactive 
components appear and the situation becomes more complicated, although 
of course still subject to the same general methods of analysis. 

One might expect that since semiconducting diodes work at microwave 
frequencies, so also would semiconducting triodes. For the Type A transistor, 
this hope is blasted because of the essentially different nature of the mecha­
nism, involving as it does the physical transport of charge carriers over ap­
preciable distances. For certain features of the transistor, however, the 
analogy does hold. For example, the emitter by itself is a diode; and, in 
keeping with this fact, its open-circuit impedance does not change much 
with frequency in the range in which we shall be interested. For most en­
gineering purposes the open-circuit input impedance of a Type A transistor 
may be regarded as a resistance independent of frequency. Such deviations 
as occur are small and entirely similar to what take place in an analogous 
diode. 

The same situation holds with respect to the base resistance ri, and the 
collector resistance re, that is, they act as one might expect of a diode. The 
base resistance is substantially constant with frequency; the collector re­
sistance has associated with it a slight amount of capacitance, mostly due 
to the case, leads, and wiring external to the unit, which gives a variation 
of properties with frequency in high-impedance circuits. The analogous 
capacitance on the emitter side is negligible because of the lower value of 
emitter impedance. One has, therefore, the T of resistors in the equivalent 
circuit substantially constant with frequency. 

The dominant factor governing frequency response of the transistor is 
therefore largely expressed as a variation of the net mutual impedance rm or, 
one may say as well, in the factor a which is the ratio of rm to r

0
• 

Measurements of rm as a function of frequency encounter the practical 
difficulty that it is impossible to present to the transistor over a wide fre­
quency range an impedance high compared to the collector impedance. It 
is, however, quite easy to present to the collector a relatively low impedance 

- 178 -



(75 ohms), which is constant over the frequency range of interest. Con­
currently it is relatively simple to present to the emitter a high impedance, 
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that is, to drive it with a constant current generator. Under these conditions 
the insertion power gain of the transistor is approximately a\ where the 
current amplification factor a is the ratio of increment in collector current to 
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increment in emitter current at constant collector voltage.5 The quantities a 
and a are usually nearly the same. 

An oscilloscopic presentation of a versus frequency is possible and is a 
great convenience since many units can be measured quickly and variation 
with operating point observed directly. The sweep frequency gener~tor 
built for this purpose is diagrammed in Fig. 12. It presents on an oscillo­
scope the magnitude of a as a function of frequency from O to 15 megacycles. 
Means are also available for making point-by-point plots which are more 
accurate, though much slower . 
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A set of curves of current amplification factor a versus frequency, as 
obtained with this apparatus, is shown in Fig. 13 . The cutoff shape is a little 
sharper than that of a single R-C circuit but less so than that of a pair, one 
of which is shunt-peaked enough to make the combination flat. The ap­
parent high-frequency asymptote varies in different units from 7 to 11 db 
per octave. 

The phase shift associated with this curve has been found to be related to 
the amplitude in the same way as if the characteristic were that of a "mini-

, ~ctu~lly, a - (aI./~I,)v0 is only one of a set 0
1
f four circuit parameters h ;; wh ose 

relat1onsh1p to I, and V. 1s the same as that of the Zs to I, and I. and which furnish an 
alternative circuit representation of the transistor. The other thre~ h's can be measured 
in a similar manner but are of less interest. 
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► 

mum phase" passive circuit.6 Accordingly the phase shift, like the amplitude 
variation, is also intermediate between a single R-C interstage and the flat 
compensated pair of interstages. 

When variations between curve shapes are not too large, the shape can be 
characterized by a single parameter which we take as the cutoff frequency 
f 0 • Cutoff is defined as the frequency where the magnitude of a 2 is halved. 
Some statistical data on cutoff frequency of different units made of N-type 
and P-type germanium are plotted in Fig. 14. The P-material is somewhat 
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better, in keeping with the fact that the active charge carriers producing 
the transistor effect in it are electrons having greater mobility than the holes 
which are active in N-type germanium. 

As one changes the operating point of the transistor the frequency re­
sponse curve changes in such a way that the shape remains sensibly constant 
on a logarithmic frequency scale, but the scale changes. The cutoff frequency 
is usually roughly proportional to the collector voltage, with only minor 
dependence on the other operating parameter, as shown in Fig. 15 unit AS62. 

6 "Network Analysis and Feedback Amplifier Design," H. W. Bode, D. Van Nostrand 
Publishing Co., 1945. 
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Other types of variations of cutoff frequency with collector voltage are 
exhibited by some transistors. 

That frequency cutoff is affected by the spacing between points of the 
transistor is shown in Fig. 16, which gives some support to the idea that 
the cutoff frequency might vary inversely as point spacing, other things 
being equal. However, one has only to look at the graph to see that other 
things are not equal for, at any given point spacing, the cutoff frequencies 
of different units vary by almost an order of magnitude. It is, however, clear 
that point spacing is one of the important factors. 

In recapitulation of the measurements of frequency behavior, it appears 
possible to build Type A transistors with frequency cutoffs well above 10 
megacycles. At the present time, the factors determining the frequency 
behavior are not yet under good control. 

CASCADE AMPLIFIERS 

Many cascading possibilities exist, since any connection of the transistor 
might be used in combination with other connections, as well as involving 
all the parameter variations which might be made on each single stage. 
Some of the more elementary possibilities will be mentioned. Since feedback 
in each unit greatly complicates the situation, the essential features of the 
amplifiers may become clearer by discusing an idealized case where feedback 
is absent or greatly reduced . For similar reasons, the preliminary discussion 
is confined to frequencies low enough so that the equivalent circuits are 
purely resistive. 

Perhaps the most straightforward cascade amplifier is the iterated 
grounded-base cascade, outlined in Fig. 17. Neglecting feedback, the in­
sertion power gain is nearly equal to the current amplification factor a 

squared. For the Type A transistor this amounts to some 5 db per stage. 
For most uses this could be regarded as impractically low, but it might be 
pointed out that the tube analog (grounded grid cascade) is even worse; 
for when a = 1 the maximum insertion gain is O db per stage. Both am­
plifiers of course can be made practical by interstage transformers (Fig. 18). 
For the Type A transistor, the matched gain without feedback rises to about 
15 db per stage, which still rompares favorably in magnitude with most 
grounded-grid tubes. 

When feedback is considered by allowing rh to return to its usual value 
of a few hundred ohms, the question of stability becomes important. The 
nominal Type A transistor is still stable when the cascade interstages are 
matched, the gain rising to about 21 db per stage. For many units having 
more than the usual amount of feedback, the interstages cannot be matched 
without violating the stability condition and therefore encountering os-
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cillations; but one can normally count on stable gains of 15 to 20 db per 
stage, the transformers being perhaps somewhat mismatched. . 

Interesting possibilities for a good cascade amplifier with more gam than 
the grounded base cascade are offered by the grounded emitter connection. 
Incidentally, this gain advantage is also enjoyed by the grounded cathode 
or conventional tube connection, so that one would expect it to apply here 
from the electron tube analogy; but in transistors the feature t '.~at a may be 
greater than 1 brings in complications having no simple analogy for tubes. 

EQUIVALENT CIRCUIT - EACH STAGE 
r -----------~----_-_-_-,...;....----, \ ~tit !-?22 \ 
I + + I 

l ~,2 i.2 _ i).s?2, i., 1 
~------------ -----' 

Without feed back (ffi.12 = 0): 

Iterative impedance Ro = ~ , Rr, = ffi.u 

Circuit determinant t:,. = (ffi.J.1 + ~) 2 

I -R,1 \
2 

Insertion Power Gain G1 = ffiu + ffi.
22 

{ a \2 
= \ 1 + ffiu /ffi22} 

Nominal Type A Gain = Sdb 

Fig. 17-Synopsis of grounded base cascade. 

The iterated grounded emitter cascade without feedback (that is, emitter 
resistance re = O) is unstable for the nominal Type A transistor, but can be 
stabilized in many ways of which we shall mention only one. The equivalent 
circuit of Fig. 19 shows an added resistor which may be thought of as ad­
justing the value of the collector resistance, and tends to make the unit 
more stable. When this resistor is adjusted to make the total collector 
resistance Re about equal to the net mutual resistance rm, thus reducing 
the effective value of a to the neighborhood of unity, then the cascade am­
plifier becomes stable, its gain being sensitive to the exact value chosen for 
the adjusting resistor. A numerical calculation for the grounded emitter 
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amplifier using the nominal Type A transistor adjusted in this way gives 
the following results: 

Assuming an adjusted value of collector resistance of 36000 ohms to be 
satisfactory for stability, then the iterative input impedance is 2300 ohms, 
output impedance 4000 ohms, and insertion gain about 21 db per stage with­
out transformers. Three-stage stable amplifiers having power gains of about 
55 db have been operated. 

EQUIVALENT CIRCUIT - EACH STAGE 
------~r_-_-_-_-_-_-_,------------, 

Without feed back (~R.12 = 0): 

I 
I 

l ~II 
I 
I 

:i2c9?12/si> 
I 

~-------------------~ 

Iterative impedance RG = ffi.22/<()2, RL = 8"o1 

Circuit determinant c. = (ffin + ffi22/<()2)2 

( 
- ffi2i/<() ) 2 

Insertion Power Gain G1 = ~Rn+ g-:_22;<()2 

1\laximum when !'.Kn = ffi~N2 

G _ ffi ,1 =.!_a.~ ffin 
1 m•~- - 4 ffi11 R22 4 ffiu 

Nominal Type A Gain: without feed back = tSdb 
with ~K12 normal = 17db 

Fig. 18- Synopsis of grounded base cascade with transformers. 

Another interesting feature of the grounded emitter amplifier is the ease 
with which negative feedback may be applied to it. A resistor inserted in 
the emitter lead gives local negative feedback analogous to the cathode 
feedback of tubes, while feedback involving several stages is also obtainable 
by common-lead methods analogous to common-cathode resistors familiar 
in the tube art. By such means, as is well known, distortion instability or 
gain variation may be reduced, or power output increased. 

Theoretical study of these and other iterative amplifiers, particularly at 
higher frequencies, is conveniently carried on with the aid of the formulas 
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of Figs. 20 and 21 which give some of the iterative properties of a general 
fourpole and the effect thereon of an interstage matching transformer. 

The iterative method of course does not exhaust the possibilities of cas­
cade amplifiers. They can also be designed stage by stage. Even when feed­
back is large they can be cascaded together in the manner used for filter 
sections. A particular design of this sort is shown in Fig. 22. It is a grounded 

~------ - ---------------J 
r, + R. = R, 

Equations: i1(Ra + rb + r,) + i2r, = va 
i1(r, - rm)+ i2(R1, + r, + R, - r .. ) = 0 

Circuit determinant t. = (Ra + Tb + r ,) (R1, + r, + R, - rm) 
- r,(r, - r.,) 

> 0 for stability 

Without feed back (r, = 0) 

Iterative impedance Ra = R, - Tm, R1, = Tb 

Circuit determinant t:. = h + Re - r.,) 2 

Insertion Power Gain G1 = "' 
( 

r )2 
Tb+ R,-;- r., 

Nominal Type A Gain with R, = 36000~ 
without feed back 23db 

with r, normal 21db 

Fig. 19-Synopsis of grounded emitter cascade. 

base stage followed by a grounded collector and accordingly has the tube 
analog grounded-grid, cathode follower, from which one would expect that 
the terminating impedances would be low and the interstage impedance 
high. This amplifier matched a 600-ohm line to better than 10% and had 16 
db insertion gain, with a bandwidth of about a megacycle. An adaptation 
for video purposes was made to obtain over a band from 100 cycles to 3.5 
megacycles, an insertion gain of 20 db in a 75-ohm coaxial line. 
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Equations: 

CIRCUIT 

N 

EQUIVALENT CIRCUIT 

,-------------------------------------, 
: i,--+- -i2 : 
I ~ ~ t 

: Z11- l/ 11 l/ 22 -222: 
:222- -z11: 
I 9'12 l2 1/21 L1 I 
I I 
I o-------- ~------~ I ~-------------------------------------J 

~1("511 + _Z22) + i2i12 = va 
11i21 + 12~n + Zn ) = 0 

Terminations: Z11 = Z1, = -"522 + H'Bu + 'B,!'l)(l + Vl - y) 
Z22 = Zo = - ~ u + ½(~11 + "522)(1 + Vl - y) 

Y = 4"i512'B21/('B11 + "522)2 

Circuit determinant Ll = H'Bu +~22)2(1-y+ v't=y) 

II 'B,1 2 12 Insertion Power Ga in G1 = ~ · 
9 

_ 1 
Oil + 022 1 + V 1 - y 

Fig. 20-Synopsis of iterated cascade of four-poles. 

EQUIVALENT CIRCUITS 

Equations: i1('B11 + Z 0 ) + i./"i51d<P = va 

ii'~2i/1P + i2' ( "i5
22 + ZL ') = 0 

</>2 I 
Fig. 21-Four-pole with ideal transformer. 
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The foregoing amplifiers both have rather low output powers because of 
the fact that the emitter, a low-current electrode, is the output electrode. 
A way of improving this situation has been suggested in the second amplifier 
schematic shown in Fig. 22. The first stage is a grounded emitter and the 
second a grounded collector transistor, the latter operating in what we have 
called the "backward" direction so that the output electrode is the base and 
the power level is improved. This amplifier can be stabilized by negative 
feedback obtainable by inserting a resistor in the first stage emitter lead. 

These examples emphasize that one can cascade unlike stages and that 
feedback can be used to stabilize performance, just as with electron tubes. 
These amplifiers can be further cascaded to obtain more gain. Other pos­
sibilities worthy of mention include modifying the design of the first stage 

{a) 
Fig. 22-Non-iterative cascade amplifiers. 

of an iterative amplifier to obtain good noise figure, or of the last stage 
for greater power output. 

BAND PASS AMPLIFIERS 

Bandpass amplifiers require a few remarks before concluding the small­
signal discussion. The design within the band may be carried out by the 
methods previously discussed; but frequently attention must also be paid 
to properties outside the band, to an extent unusual with tubes. The reason, 
of ·course, is connected with that Dr. Jekyll and Mr. Hyde of transistors, 
a (or a) greater than 1. When a transistor may be short-circuit unstable, 
then oscillations may result from the practise usual with electron tube 
amplifiers of letting the impedances outside the band fall to low values. }"or 
the same reason design of power leads requires more care than usual. The 
problems encountered are somewhat similar to those of tube amplifiers 
with feedback in that one must pay attention to characteristics far outside 
the useful band. In the case of transistors, one may have to exercise design 
care to avoid oscillations even when the gain of the amplifier is less than 
unity. 

LARGE SIGNAL ANALYSIS 

Large signals are those which involve considerable excursions over the 
electrical characteristics of the device and cannot be regarded as small 
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changes near an assumed operating point. For their general study a most 
convenient tool is provided by the set of static characteristics of the unit. 

Since most analyses begin with the static characteristics, perhaps some 
excuse is needed for the unorthodox approach which has delayed them to 
this point. Two reasons may be cited: First, the small-signal behavior is in 
a sense simpler, being capable of discussion by the familiar linear methods 
of circuit theory. Second, the small-signal behavior has brought out some 
features, notably short-circuit instability, which have a bearing on certain 
features of the static characteristics, on the methods of measuring them, 
and on the particular manner of expressing them. 

A set of characteristics representative of Type A transistor performance 
is shown in Fig. 23, consisting of four plots, one of each of the electrode 
voltages against each of the currents with the other current as parameter. 
Contrary to electron tube practise, rather than the voltages we take the 
currents as the independent variables. This choice avoids the experimental 
difficulty that the short-circuit unstable transistors might oscillate if we 
were to attempt to hold the electrode voltages constant, as well as the con­
comitant analytical trouble that in that case the voltage-dependent char­
acteristics become double-valued. 

The relationship of these characteristics to the open-circuit impedances 
is direct and quickly shown. Suppose the voltages are expressed formally 
as functions of the currents: 

Ve = fi (le, le) 
Ve f2 (le, le) 

(2) 

Differentiating, and identifying the differentials as small-signal variables, 
we get immediately the equations for the open-circuit resistances: 

v, = 
(3) 

Ve= i ~!:. + ie af2_ 
' aL ale 

Accordingly, the open-circuit resistances are the slopes of these static 
characteristics. The reactive components do not appear because our as­
sumptions (2) were not sufficiently general to take them into account or, 
in other words, the reactive information is not contained in the static char­
acteristics. 

Just as there are five other pairs of small signal parameters which could 
have been chosen, so there are five other ways in which the static character­
istics could have been expressed. Often these other ways are convenient 
for special purposes or are closely connected with particular large signal 
circuits. 
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Measurement of the characteristics can be by conventional point-by-point 
plots or by oscilloscope presentation. An oscilloscopic curve tracer has been 
built which can show any of the four characteristics for any of the six pairs 
of independent parameters of the Type A transistor, as well as any two-pole 
characteristic which might be of interest (such as a negative resistance 
characteristic). 

Occasionally the static characteristics are affected by effects of a thermal 
nature such that an oscilloscope trace does not give the same resvlts as a 
slow point-by-point plot. These thermal effects are small in the usual region 
of operation of the Type A transistor but may become appreciable if the 
unit is heated by excessive power dissipation in it. 

POWER OUTPUT AND DISTORTION 

The problem of obtaining good "undistorted" power output from a tran­
sistor at low frequencies is one which is conveniently discussed by means 
of the static characteristics. Analytically this question belongs to the class of 
slightly non-linear problems but, for descriptive purposes, it is illustrated 
by th~ curves of Fig. 24. The family of collector characteristics of a Type A 
transistor is shown. The region of linear operation is substantially that part 
of the plot where the curves are uniformly spaced, have constant slope, and 
lie within the permitted power dissipation of the unit. 

In driving a Type A transistor harder and harder in an attempt to get 
greater power output, one may encounter four types of overload distortion, 
analogous to the types found in tubes. 

1. One may drive the emitter negative into the cutoff region where the 
collector current fails to respond to changes in emitter potential, correspond­
ing to grid cut-off in a tube. 

2. One may drive the emitt~r positive into an emitter overload region 
where non-linear distortion may be encountered because the emitter im­
pedance changes with its voltage. The corresponding tube phenomenon is 
positive grid distortion. For both tubes and transistors this effect is a minor 
one which may be actually beneficial in practical cases. 

3. The collector may be driven down to low potential where it can no 
longer draw the current required to follow the impressed emitter current 
variations. This distortion corresponds to plate "bottoming" in electron 
tubes. 

4. The collector may be driven up to high currents where it overloads 
because of the non-linear voltage response in that region arising from heating 
effects. This effect has practical consequences something like the overloading 
of electron tubes which may arise from insufficient cathode emission. 

In other words, either emitter or collector may be driven into overload 
or cut-off and the problem of getting good power output reduces to choosing 
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an operating point and load impedance such as to avoid these non-linear 
effects as long as possible. Reverting to Fig. 24, since one wants as large a 
product of AV·iH as possible, the problem may be thought of in geometrical 
terms as approximately that of constructing the largest possible rectangle 
such that a load line extending diagonally across the corners of this rectangle 
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Fig. 24- Collector power output plot. 

lies within the "linear" region of operation. The slope of this line gives the 
load impedance required, its intercept the collector supply voltage (for 
resistance coupling), and the sides of the rectangle give the extreme values 
of voltage and current. The center of the rectangle is approximately the 
quiescent or small-signal operating point. 

Under optimum conditions of load impedance and operating point, 
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one obtains power efficiencies comparable to Class A electron tube operation, 
that is, 20 to 35% efficiency with a few percent harmonic distortion. As 
contrasted to recommendations for good low-level gain for the Type A 
transistor, the optimu~ conditions for power output have usually involved 
lower· load impedances and higher currents. Representative values may be: 
load impedance, 5000 ohms; collector current, -8 milliamperes at -35 
volts bias; emitter current, 3 milliamperes; power output, 60 milliwatts, 
with distortion less than ten percent. 

One complication of the power transistor is that, when the optimum load 
impedance is low, the operating point gets nearer to the region where the 
transistor may tend to oscillate if it happens to be one of the kind which 
is short-circuit unstable. A saving circumstance here is available in that 

Fig. 25- Some po1Yer Lransistors. 

aclclecl resistance in the emitter lead lends to promote stability, so that the 
transistor may be stabilized by operating out of a higher generator im­
pedance, possibly at some cost in reduced gain. A corollary aspect of the 
same phenomenon is that the input impedance of a high-power transistor 
may become very low or even negative. 

Higher power output from the transistor can also be obtained by in­
creasing the permissible collector dissipation. This has been accomplished 
by using a thin wafer of germanium directly soldered to a copper base 
equipped with suitable fins to facilitate the removal of heat generated in 
the vicinity of the collector point. An increase in allowable dissipation from 
200 to 600 milliwatts has been thereby obtained. Output powers of ap­
proximately 200 milliwatts at a conversion efficiency of 33% have been 
realized. 

The photograph of Fig. 25 shows on the left the type A transistor, in 
the center the power version of this unit, and on the right is shown a double 
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ended type of power transistor using two germanium wafers with a common 
radiator for push-pull applications. 

OTHER LARGE-SIGNAL APPLICATIONS 

The static characteristics can be used for calculations of many larger 
signal circuits of which only a few examples can be given here. The first is a 
tickler feedback oscillator of Fig. 26, which uses the grounded-base circuit 
with a resonant circuit in the collector lead, transformer-coupled back to 
the emitter. 

Other circuits making use of the special possibilities of the transisto­
include an oscillator with anti-resonant circuit in the base lead, or with a 

C) 

o (a) (b) 

-\1-n--_ ~n 
t----:f------. r=, 
ff 

) I (c) 

Fig. 26-Transistor oscillators. 

series resonant circuit from collector to emitter. Some of these circuits make 
use of the short-circuit instability peculiar to the transistor and accordingly 
would not work with electron tubes. 

NOISE 

A discussion of small-signal amplifiers would be incomplete without 
some mention of the limiting factor of noise. The noise has been left to 
the last, however, because its discussion complicates the circuits slightly 
and perhaps because it is not well to present too early an aspect of per­
formance which is at the moment so much inferior to electron tubes. 

On the circuit representation of noise as well as signal much work has 
been done by L. C. Peterson.7 It turns out that in the general four-terminal 
network in which we are interested, a complete noise representation for 

7 "Signal and Noise in Microwave Tetrode," Proc. l.R.E., Nov. 1947, pp. 1264-1 272 
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circuit purposes may be obtained by adding two noise generators to the 
equivalent circuit of four signal parameters, as shown in Fig. 27. 

These noise representations are on an entirely similar basis to the signal 
representations. Just as four elements in any independent configuration 
suffice for signal description, so two noise generators in either series or 
shunt in any convenient independent locations can be added to account 
for the noise. All these representations give the same signal and noise be­
havior for any external connections. Still, some may be better than others 
m corresponding to the actual physics of the transistor; presumably the 

EQUIVALENT CIRCUIT 

Equations: i1(ZG + "i511) + i2"i512 = va EB N1 
i.'521 + i2("i5zz + Z2 ) = EB N2 

Circled EB signs indicate addition with attention to any correlations which may exist 
between noise generators or mean square additions if no correlation exists. 

1 {- - (i 11 + Za)2} Noise Figure F = 1 + - N 2 EB Nz C;{ 

4 kTBRa 1 2 
,:;21 

Fig. 27-Synopsis of general four-pole, including noise. 

better representations will show particularly simple behavior, for example, 
in their dependence upon the d-c operating point of the transistor. The 
usual choice puts noise voltage generators in series with the emitter and 
collector leads, as shown. 

If the two noise generators were truly independent physical sources 
of noise, their outputs would be expected to show no correlation and their 
ooise power contributions would be simply additive. This independence is 
not usually the case for the Type A transistor. By adding the noise outputs 
and comparing the power in the sum to that in the separate components, 
correlation coefficients ranging from - .8 to +.4 have been found. From this 
the conclusion can be drawn that the physical sources of noise in the network 
do not act in series with the leads but at least to some extent arise elsewhere 
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in the transistor and contribute correlated noise output to both the genera­
tors of the circuit representation. 

The transistor noise is of two types. One is a rushing sound somewhat 
similar qualitatively to thermal resistance noise; the other is a frying or 
rough sound which occurs erratically, usually in the noisier units. The noise 
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Fig. 28-Transistor noise versus frequency. 

power per unit bandwidth varies almost exactly inversely with frequency 
as shown in Fig. 28, being in this respect reminiscent of contact noise. 

Since the noise dependence on frequency is knov.n, its level may be given 
as noise voltage per unit bandwidth at a reference frequency (1000 cycles). 
The collector noise usually dominates as far as practical effects on the output 
are concerned. Representative values are about 100 microvolts per cycle 
at 1000 cycles for the collector, and one or two microvolts for the emitter. 
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The noise voltages depend mainly on the collector direct voltage as 
shown in Fig. 29. While they do vary with the other operating parameter 
at constant collector voltage, such variations rarely exceed 10 db, which 
is much less than the variations with collector voltage. 

More important than the actual level of the noise is its relation to thermal 
resistance noise, which is the ultimate limit to amplification. This relation­
ship is conveniently expressed by means of the noise figure, or number of 
times noisier than amplified thermal noise in the output of the amplifier. 

48 

46 

44 

_.,, ,, 

., .. ,-,., .,,., ,,..-__;; .,, ~ .. 
,,' p--· 1/ 

I 
,,. .,~ _., 

1/ / ..... ~-., 

~ 
.,, 

/ IE= O.~ ~ 

~ 
v,., 
i,· 

/ 
/ / 

E ~6.5 
V 

/ 

/ / /4 
/ ~ /v 

28 

26 

/ 
V' 

/v 
I/ 

24 
1 2 3 4 5 6 7 8 9 10 20 30 40 50 

COLLECTOR VOLTAGE, Ve 

F ig. 29- Transistor noise versus operating point. 

A representative noise figure for the Type A transistor at 1000 cycles 1s 
60 db, with individual units ranging from 50 to 70 db. 

Noise figure formulas for the three single-stage connections are given 
in Fig. 30. The noise performance of the three connections would usually 
not be very different if it were not for stability considerations, which may 
render unusable the generator impedance which would give optimum per­
formance. Mainly, on account of stability, the grounded base connection 
may be said to give the best noise performance, with the grounded emitter 
running a close second. 

The noise figure of any device depends upon the generator impedance 
out of which it works but does not depend upon the load. Accordingly, 
there exists an optimum generator impedance which gives the best noise 
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Equivalent Circuit 

Grounded Base 

E 
0 

Zg 

-Or--+-~ t ~ nE if'E tfC /m Le nc 

lb 
B 

1 ,- - - (Z 0 + z, + z.\ 2 7 
F = l + 4_k_T_B_R_G _N; (B N: Zm + Zb ) J 
Grounded Emitter 

1 [-\/ Z0 + Zm + z~} \: - (Za + Zb + z,)2
] F = 1 + -- N2 --- - ffi N' 

4kTBRa • • Zm - z, ' Zm - z, 
Grounded Collei:tor 

Forward F = 1 + - 1
- [N; (Za + z, + Zb)2 

(B :\ ~ (Za + 1b)2] 
4kTBR0 z, z, 

Backward F = 1 + - - \·2 ffi v~ ---l 1-- - (ZL + z, )2
] 

4kTBRi _, ·, i, Zm - z, 

Fig. 30-Noisc figure formulas . 
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figure of which the unit is capable. This optimum source impedance is 
best for signal-to-noise performance, not for signal performance alone; 
hence, as is well known for vacuum tubes, it is usually not a match for 
the unit, and in general both the i"esistive and reactive components of 
impedance may be mismatched to the unit. 

For the transistor at low frequencies in the grounded-base connection, 
reactive effects are negligible and the emitter noise generator may usually 
be neglected. Under these conditions the optimum noise figure is obtained 
from a generator of impedance equal to the open-circuit input resistance 
of the transistor (not the actual working input resistance, which may be 
quite different). 

The best operating point for low noise is usually obtained at a moderate 
collector voltage (20 volts) and a small emitter current (0.5 ma.). 

Sm1i11ARY 

A tentative evaluation of the Type A transistor may be made on the 
basis of presently available information. Before making it, we should say 
that a comparison with the field of electron tubes is obviously unfair -
there are many agains t one, and a little one at that. Furthermore the little 
one is a baby not only in size but in length of time under development. 
It is only natural that the full possibilities are not yet apparent. With 
these reservations, we can make the following statements about the present 

Type A transis tor: 
Gain: the transistor figure of about 17 db per stage is somewhat low 

compared to 30 or -10 db obtainable from audio tubes. \Vhen the band­
width is taken in to consideration the gain-band product of the transistor 
is good but, since the excess banclwiclth cannot be exchanged for gain, 
this number is in this case illusory for narrow-band amplifiers. For video 
amplifiers the comparison is more favorable. 

Stability considerations differ from the electron tube in such a way 

as to be likely to g iYe more trouble at low frequencies. At video frequencies 
this difference is less marked if we play fair by comparing with a triode 
tube instead of a pentacle. The latter is of course better shielded than the 
transistor. 

Frequency response appears to be practical up to 10 megacycles or more. 
Power output efficiency of around 30%, Class A, seems fully comparable 

to an electron tube, so that a comparison between the two can be based 
on input cl-c power. 

Noise figure of 60 clb at 1000 cycles is much worse than that of a good 
electron tube, whic h can come close to 0 db. In view of the frequency de­
pendence which brings the transistor noise figure down to 30 db at a mega­
cycle, the comparison at video frequencies is less unfavorable, particularly 

if some developmental improvement can be made. 
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So far on most counts the comparison is not too favorable but, as we said 
before, it isn't fair to the baby. In addition there are a number of other 
considerations which are secondary from the point of view of pure technique 
but may be dominant from other points of view. Among favorable factors 
here are: small size; low power drain; no standby power, but instant re­
sponse when needed; low heating effect when used in large numbers; and 
ruggedness. 

The life of transistors should be fairly long on the basis of diode per­
formance, but the device is too new to permit definite statement. The 
mechanical simplicity might well lead one to hope for low cost, but no 
production .figures are as yet available. 

In fine, even if Type A transistor performance does not excel all electron 
tubes, it is still good enough for many applications and will be considerably 
better in the future. 
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Some Circuit Properties and Applications 
of n-p-n Transistors 

By R. L. WALLACE, JR. and W. J. PIETENPOL 

Shockley, Sparks, and Teal have recently described the physical properties 
of a new kind of transistor. Preliminary studies of circuit performance show that 
it is a stable, high gain, quiet amplifier of consider~ble practi~al interest. This 
paper analyzes the performance of a few early experimental units. 

INTRODUCTION 

Almost two years ago, W. Shockley1• 2 first published the theory of a 
transistor made from a single piece of germanium in which the conductivity 
type varies in such a way as to produce two rectifying junctions. Since that 
time, M. Sparks, G. K. Teal and others at the Bell Telephone Laboratories 3 •4 

have contributed notably to the physical realization of this device. 
Recently Sparks has produced a number of n-p-n transistors and has found 

their behavior to be closely in accord with Shockley's theory.4 Preliminary 
circuit studies on these devices have shown that in several respects their 
performance is remarkable. In view of this, our transistor development 
group has undertaken to produce small quantities of n-p-n transistors in a 
form suitable for incorporation in working circuits. 

This paper will deal principally with the circuit aspects of the n-p-n 
transistor by presenting and analyzing performance data on a small number 
of experimental units. For a discussion of the solid state physics of its design 
and operation the reader is referred to the previously mentioned works of 
Shockley, Sparks, and Teal. 

OUTSTANDING PROPERTIES 

Before getting lost in a maze of detail, it seems worthwhile to list and 
mention briefly the salient features of this new transistor. They are: 

1. Relatively low noise figure. Most of the units measured so far have a 
noise figure between 10 and 20 db at 1000 cps. 

2. Complete freedom from short-circuit instability. The input and output 
impedances are always positive whether the transistor is connected ground­
ed-emitter, grounded-base, or grounded collector. This permits a great deal 
of freedom in circuit design and makes it possible, by choosing the appro­
priate connection, to obtairi a considerable variety of input and output 
impedances. 

3. High gain. Power gains of the order of 40 to SO db per stage have been 
obtained 

- 202 -



PROPERTIES AND APPLICATIONS OF n-p-n TRANSISTORS 

4. Power handling capacity and efficiency. The design can readily be 
varied to permit the required amount of power dissipation up to at least two 
watts. Furthermore the static characteristics are so nearly ideal that Class 
A efficiencies of 48 or 49 out of a possible 50% can be realized. The efficien­
cies for Class B and Class C operation are correspondingly high. 

5. Ruggedness and small size. The germanium part of the transistor is 
enclosed in a hard plastic bead about rt inch in diameter. Inside the bead 
three connections are mechanically as well as electrically fastened to the 
germanium and are brought out as pigtails through the bead. This gives a 
very sturdy unit. 

6. Freedom from microphonics. Vibration tests in the audio frequency 
range indicate that these devices are relatively free from microphonic noise. 

7. Limited frequency response. Collector capacitance limits the frequency 
response at full gain to a few kilocycles. By using a suitable impedance 

lsASE 

EMITTER 

t 
p-TYPE 

Jf 

SINGLE-CRYSTAL 
/ _.GERMANIUM BAR 

COLLECTOR 

n-TYPE 

Fig. 1- The heart of an n -p-n transistor is a tiny bar of germanium to which three 
mechanically strong electrical connections are made. 

mismatch it is possible to maintain the frequency response flat to at least 
one megacycle while still obtaining a useful amount of gain. 

8. Operation witlz exceedingly small pO'Wer consumption. Perhaps the most 
remarkable feature of these transistors is their ability to operate with ex­
ceedingly small power consumption. The best example of this to date is an 
audio oscillator which requires for a power supply only 6 microamperes at 
0.1 volts. This represents 0.6 microwatts of power which contrasts sharply 
with the million or more microwatts required to heat the cathode of an 
ordinary receiving-type vacuum tube. 

PHYSICAL APPEARANCE AND CONSTRUCTION 

Figure 1 shows schematically the configuration of an n-p-n transistor. 
The small bar of single crystal germanium contains a thin layer of p-type 
interposed between regions of n-type. Mechanically strong ohmic connec­
tions are made to the three regions as indicated and brought out through a 
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hard plastic bead. A finished transistor is shown in the photograph of Fig. 2. 
It should be pointed out that Fig. 1 is not drawn to scale and that the p-layer 
may be less than a thousandth of an inch thick. 

ST A TIC CHARACTERISTICS 

A great deal of information about the low frequency performance of a 
transistor can be obtained from a set of static characteristics such as those 
shown in Fig. 4. Curves of this sort are obtained simply by connecting suit-

Fig. 2- A beaded 11-p-11 transistor. 

EMl"TTER 
I~ - ~ le - COLLECTOR --

~ . .,, 
--+ + 

Ve Ve 

Fig. 3-The symbol for a P-lype transistor on which the convention of signs for cur­
rents an<l voltages is indicated. 

able current sources to the emitter and collector circuits of the transistor 
and measuring the resulting voltages. The currents are called positive 
when they flow into the emitter and collector as shown and the voltages are 
called positive when they have the signs shown in Fig. 3. 

Let us first examine these curves with an eye to finding out what kind of 
voltage and current supplies are needed to bias the transistor into the range 
in which it can amplify. To make this easy, that part of the characteristics 
which lies within the normal operating range has been shown as solid lines 
and that part of the characteristics corresponding to cutoff has been shown 
as dotted lines. 
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Note from the upper set of curves that V, is positive in the operating range. 
This means that the collector must be biased positive with respect to the 

Ill 

s 
0 
> 
~ 

45 

40 

35 

30 

25 

20 

> 15 

10 

5 

Ie= I 

OMA. 

"0.5 

" 
t---

- -

o ==I 
0.1 

0.1 

0.0 

Ill s 
0 
> -o.o 
~ 

>°' 
-0.1 

-0.1 

5 

0 

5 

0 

5 

0 

5 

-0.2 0 

-0.2 5 

Ie= 
0 MA. 

-0.5 

I , 
j 

-1.0 

"' ' ~ 

• 

- 1.0 

I 
I 
I 

0 0 .5 1.0 

- 1.5 

" 

-1.5 

; 
I 

I 

-2 .0 

I). 
<o~ -,o -2.5 

~ 
<.,,i,>,_ 

- 3 . 0 

" 
-3.5 

- 4.0 

' - 4 .5 
- 5 .0 . 

"-, I 

" . 

" ·' 

-2 01 
-2.51 

' I -3.0 / I 
I I -3. !1 I I -4_o1 , , I -4.5 , I 

,, , , , , / -5y , ,, , , , . ,,, ,, , ... i- ...... _,. 
1.5 2 .0 2 .5 3 .0 3 .5 4 .0 4.5 5 .0 

le IN MILLIAMPERES 

Fig. 4- Static characteristics of an 11-p-11 transistor. 

base. For this particular transistor a bias voltage anywhere between about 
0.1 volts and 35 volts is suitable. Note also that all the curves on this plot 
correspond to negative emitter currents. This means that the emitter must 
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be biased in such a way that current flows out of the emitter into a suitable 
current supply. Furthermore, the collector current corresponding to any 
given emitter current can be seen to be almost equal in magnitude to the 
emitter current. Since these two currents are opposite in sign, this means 
that most of the current which flows into the collector leaves by way of the 
emitter with the result that the current in the base circuit is very small, 

Suppose that the collector is held at a constant positive voltage as, for 
example, by connecting a battery between collector and base (with a trans­
former winding in series, perhaps). Now if a negative current is forced into 
the emitter by a battery and resistance connected in series between emitter 
and base, the collector current can be controlled by varying the emitter 
current and will always be approximately equal in magnitude to the emitter 
current. Suitable collector currents for this particular transistor range from 
about 20 microamperes to about five milliamperes. 

The exact choice of collector current and voltage within the ranges men­
tioned above will be dictated largely by the amount of power output re­
quired. The more power output required, the more current and voltage will 
be needed from the power supply. Since the collector circuit efficiency can­
not exceed the theoretical limit of 50% in Class A operation, the signal 
power output cannot exceed half the po\ver supplied by the battery. This 
means, for example, that if the collector is worked at 20 volts and 2 milli­
amperes the Class A power output cannot exceed 20 milliwatts. 

From the lower plot of Fig. 4 it is possible to obtain information about 
the bias voltage required for the emitter. Note, first, that the entire emitter 
voltage plot corresponds to a very small range of emitter voltages near zero 
and, furthermore, that the part of the characteristics corresponding to the 
operating range covers only a few thousandths of a volt. This means that 
if the collector voltage is held constant very small changes in emitter volt­
age will produce fairly large changes in collector current, or if the collector 
current is held constant very small changes in emitter voltage will produce 
relatively enormous changes in collector voltage. This at once suggests the 
use of this transistor as a d-c. amplifier between a low impedance source 
and a high impedance load. In this application, voltage stepup of the order 
of 10,000 times is possible. 

The very great sensitivity of the collector circuit to emitter voltage sug­
gests, however, that for a-c. amplifiers one should use a current source as 
an emitter bias supply. This can be obtained from a battery and a large 
resistance in series. Furthermore, since the emitter voltage is always nearly 
zero, the emitter current can be calculated in advance by dividing the bat­
tery voltage by the value of the series resistance (provided, of course, that 
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the supply voltage is large compared to the few hundredths of a volt drop 
across the emitter circuit). 

One can also draw some interesting conclusions from the static charac­
teristics about the large signal operation of the transistor. If the load is 
resistive, the instantaneous operating point will swing up and down along a 
straight line such as the load line shown in the upper plot of Fig. 4. This par­
ticular load line corresponds to an a-c. load resistance of 10,000 ohms. 
Suppose that the steady collector biases are 20 volts and 2 milliamperes 
so that the drain from the power supply is 40 milliwatts. Now consider the 
permissible swings of collector voltage and current. Since the collector char­
acteristics are quite straight and evenly spaced over a wide range of cur­
rent and voltage values, the output signal can swing nearly down to zero 
collector volts and nearly up to zero collector current without distortion. 
The limit on the lower end is imposed by the fact that the collector charac­
teristics begin to be curved when V, is less than about 0.1 volts; and the limit 
on the upper end is imposed by the fact that the collector current does not 
drop completely to zero when I. drops to zero. The lower limit of collector 
current is, in this case, about SO microamperes and, since this amount of 
current in 10,000 ohms corresponds to 0.5 volts, this means that the instan­
taneous collector voltage is limited to swings between 39.S volts and 0.1 
volts. Starting from a quiescent value of 20 volts, the permissible positive 
swing is then 19.5 volts and the permissible negative swing is 19.9 volts. 
Reducing the quiescent voltage to 19.8 volts (and keeping the same load 
line) makes it possible to obtain a peak swing of 19.7 volts which corre­
sponds to 19.45 milliwatts of signal delivered to the load. This gives a col­
lector circuit efficiency of 48.5% out of a possible SO%. Some transistors 
take even less collector current when the emitter current is zero and hence 
permit even higher efficiencies. 

These computations of efficiency have all been based on the assumption 
of sinusoidal current applied to the emitter. It will be shown in a later sec­
tion that the emitter resistance varies with emitter current, however, and 
this means that to realize high efficiency with low distortion it is necessary 
to drive the emitter from a high impedance source. 

OPERATION WITH SMALL POWER CONSUMPTION 

For small signal applications the transistor represented by the charac­
teristics of Fig. 4 can deliver useful gain at very much lower voltages and 
currents than those used in the example above. In order to show this, the 
characteristics of Fig. S have been plotted for a range of collector voltage 
extending up to only 2 volts and for a range of collector currents extending 
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Fig. 5-Static characteristics showing behavior al very low applied voltages and currents. 
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up to only 200 microamperes. It can be seen from the upper plot that the 
collector circuit characteristics are still quite usefully straight and evenly 
spaced in this micro-power range. In fact, for small signal operation it is 
sufficient to use a collector voltage only a little in excess of 0.1 volts and a 
collector current a little in excess of 20 microamperes. This means that the 
power required to bias the collector into the operating range amounts to 
only a few microwatts. Contours are shown for 10, SO, and 100 microwatts 
of power supply. 

This ability of the transistor to work with extremely small power con­
sumption is one of its most striking and perhaps most important features 

EMITTER 

+ 
COLLECTOR -­~c + 

Fig. 6- The low-frequency equivalent circuit of a transistor. 

When one considers that the total power consumption of a single transistor 
stage can be smaller by many thousands of times than the power required 
to heat the cathode in a vacuum tube, it is obvious that the advent of this 
device will make possible many new kinds of application. 

VARIATION OF TRANSISTOR PROPERTIES WITH OPERATING POINT 

Ryder and Kircher5 have shown that it is convenient to analyze the 
small signal properties of a transistor at low frequencies in terms of the 
equivalent circuit of Fig. 6 where r. is called the emitter resistance, Tb is 
called the base resistance, and r c is called the collector resistance. The in­
ternal generator, rmic, is the active part of the circuit and in this respect 
corresponds to the familiar µe0 of vacuum tube circuit theory. It is the 
purpose of this section to show what values these quantities have for a 
particular n-p-n transistor and to show how they vary with the applied 
biases. This will form a basis for the next section in which these quantities 
will be used to compute such things as the input and output impedances 
and the gains of various transistor connections. 

Ryder and Kircher have shown that these four r's can be obtained di­
rectly from static characteristics such as those shown in Fig. 4 and Fig. S. 
In the case of n-p-n transistors, however, the magnitudes of these quan­
tities are such that it is difficult to obtain satisfactory accuracy in this way 
and it has been more convenient to measure the 4-pole r's by a-c. methods . 
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1 nese measurements have shown that all of the r's are, to a first approxi­
mation, independent of collector voltage so long as the collector voltage 
is above a few tenths of a volt and so long as the total dissipation is small 
enough to prevent appreciable heating of the transistor. 

In view of this fact it is perhaps sufficient to show how these quantities 
vary with emitter current for a moderate fixed value of collector voltage. 
Figures 7 and 8 show that r 0 and rm are very nearly equal and that they tend 
to decrease as I, increases. Theoretically"'" and"• should both be infinite. 
The fact that they reach values as low as 10 megohms in this case is a meas-

2e 
TRANSISTOR NO. 1 

Ve = 4.5 VOLTS 
24 

20 '~ "' ~ .............. r--. 
~ -

r--r---r--- ' 
8 

4 

0 
o -0.2 -0.4 -0.6 -o.e -1.0 -1.2 -1.4 -1.6 -1.e -2.0 

le IN MILLIAMPERES 

Fig. 7-The variation of collector resistance with emitter current at a fixed value of 
collector voltage. 

ure of the imperfection in technique of fabricating the transistor. Values as 
high as 60 megohms have been achieved in the laboratory. 

Figure 9 shows that rb in this transistor is approximately 240 ohms and 
is independent of J • . 

Figure 10 shows that r, decreases with increasing emitter current, ranging 
from about 500 ohms at SO microamperes down to about 5 ohms at 5 
milliamperes. Shockley• has shown that r, should be given by 

kT 
, =-
• ql, (1) 

where q is the charge on an electron, k is Boltzman's constant, T is the 
Kelvin temperature and J, is the emitter current. When the temperature 
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Fig. 8-Variation of rm with emitter current at fixed collector voltage. 
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Fig. 9-Variation of base resistance with emitter current. Scatter of the data indicates 
that the measurements were not accurate. 

is about 80° F., this reduces to 

25.9 
,. = T (2) 

where I. is measured in milliamperes. Within experiment error, values of 
r. computed from this relation agree perfectly with the measured curve 
snown in Fig. 10. 
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Figure 11 introduces a new quantity, a, the current amplification factor 
of the transistor. This quantity is defined by the equation 

Tm+ Tb 
a= 

Tc + Tb 
(3) 

Since Tm and Tc are both very large compared to Tb, a is approximately equal 
to the ratio of Tm to Tc. It will be shown in a later section that this quantity 
is important in determining some of the circuit properties of the transistor 
and that many of the circuit properties become more desirable as a ap­
proaches unity. 
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Fig. 10-The emitter resistance is inversely proportional to emitter current. 

It can be seen from Fig. 11 that in this transistor a is approximately equal 
to 0.98 and that it increases slightly with increasing emitter current. The 
highest value of a so far achieved is 0.9965. 

Those units which have been made in the laboratory so far show consid­
erable variation in some of the properties, but this is partly due to the 
fact that changes have been made deliberately to test one aspect or 
another of Shockley's theory. The data in table I are presented to indicate 
what properties have been achieved to date. The collector capacitance C, 
will be discussed in a later section. 

GEI\ERAL CONSIDERATIONS AND FORMULAE 

It is a consequence of the fact that a is always less than unity in this 
structure that these transistors are unconditionally stable with all termina-
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tions. This means that stability considerations do not prevent working with 
matched terminations. Furthermore it is possible to obtain a variety of 
input and output impedances by connecting the transistor as a grounded­
emitter, grounded-base, or grounded-collector stage. It is the purpose of 
this section to give some idea of the characteristics of these various stages 
and to show in each case at least one way of supplying the required biases 
and couplings to the stage. 

!::I 1.00 
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0 .... 
~ 0.98 
u. 
z 
Q 0.96 
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u 
ii: 
:::i 0.94 
0.. 
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le IN MILLIAMPERES 

Fig. 11-The current amplification factor, a, increases slightly with increasing emitter 
current. Note the expanded scale for a. 

TABLE I 
CONSTANTS FOR VARIOUS TRANSISTORS MEASURED AT v. = 4.5 v., I. = 1.0 ma. 

Transistor No. I II 

T, (ohms) 25.9 31.6 
Tb (ohms) 240 44 
T, (megohms) 13.4 0.626 
Tc - Tm (megohms) 0.288 0.00387 
a 

I 
0.9785 0.9936 

c. (µµf.) 7 7.7 

Ill IV 

33.1 30.2 
300 3070 

1.11 1.21 
0.0168 0.00422 
0.9848 0.9965 

18.9 27.9 

V 

38.8 
180 

2.00 
0.043 
0.978 

21.2 

9 
0 

It will be convenient to begin by writing down general relationships which 
will apply to all the possible connections. To this end let the transistor be 
represented by the box in Fig. 12. At low frequencies, the signal currents 
and voltages are related through the equations: 

(4) 

If a generator of open circuit voltage 11u and internal resistance Ru is 
connected to the input terminals of the device as shown in Fig. 13, then 

(5) 
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and if a load of resistance RL is connected to the output terminals 

The equations for the circuit of Fig. 13 are, therefore, 

(Ru + R 11)i1 + R1i2 = Vo 

R21i1 + (R22 + RL)i2 = 0 

Solving for the voltage developed across the load ( = - RLi2) gives 

Re,R21 
tl2 = -------=-----=---=-- Vg 

(Ru + R,,) (R22 + Re,) - R12 R21 

i., 3-TERMINAL i.2 - NETWORK -+ REPRESENTING + 
TRANSISTOR 

v, 

I 
Vz 

(6) 

(7) 

(8) 

Fig. 12-A three-terminal network representing either grounded emitter, grounded base, 
or grounded collector connection of a transistor. Note the convention of signs. 

Rg i., 3-TERMINAL l2 RL 

~ 
- NETWORK -+ REPRESENTING + 

TRANSISTOR 
v, Vz 

Fig. 13-The three-terminal network of Fig. 12 connected between a generator and a load. 

The power gain in the circuit is the power delivered to the load (v~ / RL) 
divided by the power available from the generator (v!/ 4R 0 ). From equation 
(8), this gives 

G = 4R11RLRi1 
[ (Ru + R11 ) (R22 + RL) - R 11 R2i]2 (9) 

The gain depends on R0 and Re, and will be maximum when these are 
chosen to match the input and output impedances of the transistor stage. 
But the input impedance depends on RL and the output impedance de­
pends on R 0 in the following way: 

Input impedance = R; = Ru 

(11) 
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If Ri = Ru and Ro = RL then impedances are matched at the input and 
output terminals and the gain is a maximum. The conditions are: 

Matched input impedance = 

Rim = Ru vl - R12R21/R11R22 , 

Matched output impedance = 

Rom = R22 Vl - R12 R21/R11R22, 

Maximum available gain = 

(12) 

(13) 

R; 1 1 
M.A.G. = RuR22 [1 + vl - R12R21/RuR2l (l4) 

THE GROUNDED BASE STAGE 

In this and the following two sections we will put into equations (7) 
through (14) the appropriate 4-pole r's to obtain expressions for impedances 
and gains. As a numerical example we will substitute into the resulting equa­
tions the measured values of these r's for Transistor No. I working at Ve = 
4.Sv. and I e = 1 ma. It must be understood that the numerical values 
may vary appreciably from transistor to transistor and that these numerical 
calculations are intended only for illustration and not as a basis for final 
circuit design. The numerical values to be used are 

r, = 25.9 ohms 

rb = 240 ohms 

re= 13.4 (10)~ ohms (15) 

re - rm= 0.288 (10)6 ohms 

a = 0.9785 

In this section it will be shown that the grounded base connection is 
suitable for working between a lmv impedance source and a high impedance 
load. The input impedance may be of the order of a hun?red ohms and the 
output impedance of the order of one or more megohms. In this connection 
the current amplification is always less than unity but the voltage amplifica­
tion may be very large indeed. Power gains of the order of -:iO to SO db can 
be obtained between matched impedances, and appreciable gains can still 
be obtained if the load resistance is reduced to a few thousand ohms (be­
cause the current gain is then almost equal to unity). In this case the gain 
of the stage is almost completely independent of those transistor properties 
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which tend to vary from unit to unit. This sort of stage does not produce a 
phase reversal. 

+ + 

Fig. 14-The grounded base connection of a transistor. 

For the grounded base stage shown in Fig. 14, 

Ra = T. + Tb = 266 ohms 

R12 = Tb = 240 ohms 

R21 = Tm + Tb = 13.1 (10)6 ohms 

R22 = T, + Tb = 13.4 (10)
6 

ohms 

= 0.9785 

(16) 

In this case if Tb is neglected by comparison with Tm and Tc, equation (8) 
leads to 

t'2 = (17) 

Since for these transistors Tm ( ==a) is always less than unity, the output 
T, 

voltage is in phase with the input voltage. Furthermore, if RL is very high, 
the output voltage is enormous by comparison with the input voltage. For 
"xample, if Ra = 0 and RL is infinite 

(18) 

and for the numerical example this is 
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To achieve this step-up would require a load impedance very large com­
pared to 13 megohms, but even with more modest values of load impedance 
the voltage step-up is large. 

If RL is small compared to r c , the second of equations (7) leads to 

Ym 
12 = -- 11 

re (19) 

-= -11 

and the current delivered to the load is approximately equal to the current 
which the generator deliver.; to the transistor. 

From equations (10) and (11 ), the input and output impedances are 

R; = r, + rb 
rb(rm + rb) 

(20) 
re+ RL + rb 

Ro = re+ rb 
rb(rm + rb) 

(21) 
re + rb + Ru 

As the load impedance varies from zero to infinity, the input impedance 
varies from 

= 31.1 ohm 

to 

for RL = 0 

R; = r, + r1, = 266 ohms for R,, = oo. 

When Ru = 0, the output impedance is 

= 1.56 (10) 6 ohms. 

As Ru increases to infinity 

Ro = re+ rb = 13.4 (10) 6 ohms. 
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From equations (12) and (13), the matched input and output impedances 

are approximately 

R;,,. = (r. + rb) v'l - arb/(r. + rb) 

= 91 ohms 

Rom = (re+ Tb) v'l - ctrb/(r, + rb) 

= 4.58(10) 6 ohms. 

With matched impedances, the maximum available gain is 

a(r,,. + rb) [ _ 1 /( )]-2 M.A.G. = + 1 + v 1 - arb _r. + rb 
T0 Tb 

= 2.7 (10) 4 or 44.3 db. 

(27) 

(28) 

(29) 

The matched output impedance of this stage is inconveniently high but 
a useful amount of gain can be maintained if RL is reduced to a more rea-

Fig. 15-0ne practical arrangement of a grounded base amplifier stage. 

sonable value. For example, if RL = 200,000 and Ru = 25, equation (9) 
gives 

G = 5.3 (lO)a or 37.2 db. 

If stages of this sort are to be cascaded, a step-down transformer must 
be used to couple each collector to the following emitter. Otherwise, since 
the current amplification factor of the transistor is slightly less than unity, 
the gain per stage will also be slightly less than unity. 

One practical arrangement of a grounded base stage would be as shown 
in Fig. 15. The required value of R will be approximately 

(30) 

where I c is the desired collector current and E/Jl is the voltage of the emitter­
bias battery. For operating at I. = 1 ma, for example, E 01 = 1.5 v and 
R = 1500 ohms would be suitable. 
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THE GROUNDED EMITTER STAGE 

For many applications the grounded emitter connection is more desirable 
than either of the other two. The power gains which can be obtained are 
high-of the order of SO db-and the interstage coupling problem is sim­
plified by the fact that the input impedance is somewhat higher than that 
of the grounded base stage while the output impedance is very much lower. 
The input impedance may be of the order of a few hundred ohms and the 
output impedance of the order of a few hundred thousand ohms. Both volt­
age and current amplification are produced (with a phase reversal) and 
gains of the order of 30 db or more per stage can be obtained without the 

+ 

V1 

Fig. 16-The grounded emitter connection of a transistor and the equivalent circuit 

use of interstage coupling transformers. The input and output impedance· 
depend very critically on a and may vary appreciably from unit to unit 

For this connection, which is indicated schematically in Fig. 16, 

Rn= re+ Tb = 266 ohms 

R12 = T • = 25.9 ohms 
(31) 

R21 = Tc - rm.= -13.1 (10) 6 ohms 

R22 = T, + Tc - Tm = 0.288 (10) 8 ohms 

Putting these values into equation (8) shows v2 is always opposite in sign 
compared with Va , that is, that the grounded emitter stage produces a 
phase reversal as does the grounded cathode vacuum tube. 

If Ri is infinite and Ra = 0 

T 0 - Tm 
Va ---

'•+ Tb 

= -4.93 (10) 4 
Va 
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which is the same as for the grounded base stage. But if R1.. = 0 

. rm - r, 
12 = -----i1 

r. + re - rm 

. a . 
= --11 

1 - a 

= 45.Sii. 

(32) 

(33) 

Thus it is seen that the grounded emitter amplifier can produce quite 
appreciable current amplification-particularly so when a approaches unity. 

The input impedance to the stage is 

When Ri = 0 this reduces to 

1 
R, = rb + r. --- -

~ + 1 
re 

. + 1 = rb r,--
1 - a 

= 1440 ohms. 

As R1.. increases to infinity, the input impedance decreases 
which, for the numerical example, is 266 ohms. 

The output impedance is 

When R0 = 0, this gives 

- re [1 - _ rb - a-, 
r, + rb _ 

= 1.56 (10) 6 ohms 

As R" increases to infinity, R 0 decreases to 

= 0.288 (10) 6 ohms. 
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The matched input and output impedances are 

Rim = (r, + rb) Vl + r,(rm - r,) / (r, + rb)(r, + re - rm) 

= 619 ohms and 

(41) 

R 0 .,.. = (r, + re - r,,.) Vl+ r,( r,,. - r,) / (r, + rb)(r, + re - rm) (42) 

= 0.671 (10) 6 ohms 

As a increases toward unity the matched input impedance increases and 
the matched output impedance decreases. They approach the limits 

R,,,. = V (rb + rc)(re + rb) 

Rom= Tc -V(rb + re) /( r. + rb) 

as a--. 1. 

(43) 

(44) 

If rm in the transistor of our numerical examples could be increased to 
exactly the value of re (a = 1) then the matched impedances would be 

R;m = 59,700 ohms 

Rom = 5,800 ohms 

From this example, it is seen that the impedances vary rapidly with a 

as a approaches unity. 
With matched impedances, the maximum available gain from the 

grounded emitter stage is 

(45) 

= 2.02 (10) 5 or 53 db 

When a is exactly unity this expression reduces to rc/ r, provided r, and rb 
are small compared with re. For values of a which are enough smaller than 
unity so that 

the expression for maximum available gam reduces to the approximate 
expression 

M.A.G. = a(rm/r,) [ ✓ (1 (46) 
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From the above equations it can be seen that gain does not increase 
rapidly with a when a is sufficiently near unity. In the case of our numerical 
example, increasing a from 0.9785 to unity increases the gain by only 4.1 db. 
The gain of the stage is approximately proportional to r ~ and inversely 
proportional to r, and can therefore be increased by operating at higher 
emitter currents or by fabricating the transistor in such a way as to obtain 
higher values of r, . In the latter case it would be desirable also to increase 
a in order to keep the output impedance from becoming unreasonably high. 

It has been seen that, for the case of our numerical example, the matched 
output impedance is large compared to the input impedance (671,000 ohms 
compared to 619 ohms). This means that if the maximum available gain is 
to be obtained in cascaded stages, step-down interstage transformers must 
be used. But an appreciable amount of gain can be obtained without inter­
stage impedance matching. This is because of the short-circuit current 
amplification previously mentioned which amounts approximately to 

a 

1 - a 

or 45.5 times in the case of our numerical example. For this transistor, then, 
the iterative gain per stage without impedance transformation would be 
33.2 db. This gain increases very rapidly as a approaches unity, not only 
because the short-circuit current amplification increases, but also because 
the output impedance decreases and the input impedance increases so that 
a better interstage impedance match is obtained. From equa tions (41 ) and 
(42), it is seen that the matched input and output impedances are equal 
when 

or when 

Tb 

Tc+ Yb 

In this case the gain per stage would be approximately rc/r,. This says 
that if rm could be increased in the numerical example until 

a= 0.999821 

the gain per stage (without impedance transformation) would be increased 
to 57.1 db. Values of a this near to unity have not even been approached in 
transistors made to date. This unrealistic example is included only to indi­
cate one of the reasons for seeking to make a very near unity. 

Consider next one possible way of supplying biases to a grounded emitter 
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stage. Suppose that the collector is connected through a transformer winding 
to a fixed voltage supply as indicated in Fig. 17. Since V. is always a very 
small fraction of a volt (see Fig. 4 and Fig. 5) the collector voltage will be 
approximately equal to the supply voltage. If no d-c. connection is supplied 
to the base, it will float at a potential above ground equal (in magnitude) to 
V .-i.e., a very small fraction of a volt-and the collector current will be 
exactly equal to the emitter current. To find out approximately what this 
value of the current will be, consider the upper set of static characteristics 
in Fig. 5. Note that, when the emitter current is zero, the collector current 
is of the order of 20 microamperes ( the exact value varies from 1 to 30 micro­
amperes in transistors tested so far). The collector current is then of the order 
of 20 microamperes greater than the emitter current. If the emitter current 
is now increased by D.l~ , the collector current will increase by at::.J, . . That is, 
the increments of collector current will be slightly smaller than the incre-

II ----1, 

Fig. 17- 0ne practical arrangement of a grounded emitter stage. 

men ts of emitter current and, as the emitter current is increased, the emitter 
and collector currents will become more nearly equal. If a were perfectly 
constant they would become exactly equal when 

lw 
le= le= ---

1 - a 
(47) 

where Ic 0 is the collec tor current which flows when the emitter current is 
zero. Equation (47), then, gives the value of emitter (and collector) current 
which will flow in a grounded emitter stage if no d-c. connection is made to 
the base. This current varies rapidly with a. For the transistor which has 
been considered numerically, this current would amount to about 465 micro­
amperes which is certainly within the range of suitable values for the 
transistor. In certain low level applications, however, it might be desirable 
to work at a smaller current for the sake of decreasing battery power con­
sumption. This requires that a small current be drawn out of the base. The 
required current is small because the collector current will decrease by 
1/(1 - a) microamperes for each microampere drawn from the base. One 
method of obtaining this base current is to provide a resistive path between 
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base and ground as shown, for example, in Fig. 18. Since the base floats 
at a positive potential with respect to ground, this circuit produces a base 
current of the right sign to decrease the collector current. As the value of 
the series resistance is decreased to zero, the collector current decreases to 

.__ ____ __,.,__ _ ___:]" 

Fig. 18-Modification of Fig. 17 to obtain lower collector current. 

--~_~(-'~~ti'[~~ 
•Ir--

Fig. 19-:Modification of Fig. 17 to obtain higher collector current. 

Fig. 20-A two-stage grounded emitter amplifier which produces approximately 90 clli 
power gain is shown on the right and a micro-power audio oscillator is 

shown on the left. 

a value corresponding to zero emitter voltage. A still further decrease in 
collector current can be obtained by inserting resistance between emitter 
and ground. 

In order to increase the collector current to values higher than that cor­
responding to zero base current, a high resistance path between base and 
the positive supply voltage may be used as shown in fig. 19. In this case the 
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collector current will increase by 1/ (1 - a) microamperes for each micro­
ampere which flows through the bias resistor. Since the current in the bias 
resistor will be approximately Eu/ R, it is a simple matter to compute the 
required value of bias resistor once the desired collector current is known. 

Figure 20 shows a two-stage audio amplifier which gives approximately 
90 db gain. The circuit is shown in Fig. 21. 

+ 

Fig. 21 - Circuit of the amplifier shown in Fig. 20. 

Lz - + 

Le -

Fig. 22-The grounded collector connection of a transistor and the equivalent circuit. 

THE GROUNDED- COLLECTOR ST . .\GE 

Although the power gain obtainable from this connection is relatively 
low-of the order of 15 or 20 db- it has very interesting possibilities in 
producing very high input impedances or very low output impedances. 
If it is worked into a fairly high load impedance, the input impedance may 
be several megohms, or if it is worked from a source of moderately low 
impedance (a few thousand ohms), the output impedance may be of the 
order of 25 ohms or lower. 

For this type of stage, which is shown schematically in Fig. 22, 

Ru = rb + re = 13.-t (10) 6 ohms 

R12 = r c - r,,. = 0.288 (10) 6 ohms 

R21 = re = 13.4 (10) 6 ohms 

R22 = re+ re - rm = 0.288 (10) 6 ohms 
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If this stage is worked from a zero impedance generator into an infinite 
impedance load 

(49) 

and so, like a cathode follower, it gives an output voltage which is less than 
the input voltage, but in the same phase. 

If the stage is operated into a short circuit 

= -46.5 i1 

which indicates that the stage can give an appreciable current gain. 
The input impedance is 

R + r0 (rc - rm) 
i = Tb T0 - -------

r, + Tc - Tm + RL 

When RL = 0, this reduces to 

WheIJ. RL is infinite 

1 
R, = Tb + T. -----

~ + 1 
re 

1 
==Tb+ T, --

1 - a 

= 1445 ohms. 

= 13.4(10)6 ohms. 

(50) 

(51) 

(52) 

(53) 

(54) 

(55) 

With respect to input impedance, the grounded collector stage is again 
seen to be like a cathode follower in that the input impedance is high when 
the load impedance is high. 

The output impedance is 

(56) 
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For R 0 = 0, this reduces to 

For Ru infinite 

== re + rb (1 - a) 

= 31.1 ohms. 

= 0.288(10) 6 ohms. 

The matched input impedance is 

R ( + ) ✓ rb rcre 
im = Yb re + ) ( 

rb + re (Tb + Tc re + re - Tm) 

- -Vrc[rb + r,/ (1 - a)] 

139,000 ohms. 

(57) 

(58) 

(59) 

(60) 

(61) 

(62) 

(63) 
= 2990 ohms. 

With matched impedance, the maximum available gain of the grounded 
collector stage is 

M.A.G.= 

As a approaches unity, this approaches approximately 

M.A.G. = rc/ 4r, 

but so long as r, << r c - r,,., a good approximation is 

M.A.G. = 1/(1 - a) 

= 46.S or 16. 7 db. 
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The considerations involved in supplying biases to a grounded collector 
stage are rather similar to those discussed already for the grounded emitter 
case. If the base is allowed to float, the collector current will be given ap­
proximately by equation (-17) as discussed for the grounded emitter case. 
A resistance between base and the negative side of the supply lnttery in 
Fig. 2-1 will serve to decrease the collector current while a resistance bet ween 
base and ground will serve to increase it. In applications where it is de,ired 
to make full use of the high input impedance which this stage can afford, it 
may be most desirable to let the base float as shown in Pig. 23. 

II ----11 

Fig. 23-0ne practical arrangement of a grounded collector stage. 

Fig. 24-Modification of Fig. 23 to obtain lower collector current. To raise collector 
current remove the resistance shown and connect a high resistance between 

base and ground. 

fREQUENCY RESPONSE-GENERAL REMARKS 

Shockley has shown that there are several different physical considera­
tions which lead one to expect a high-frequency cutoff in the response of 
n-p-n transistors. The frequency at which cutoff occurs depends in a theoreti­
cally understandable way on such things as the geometry of the transistor 
and the physical properties of the germanium from which it is made. If these 
factors could all be controlled and varied at will, it would be possible to design 
a transistor to have a specified cutoff frequency. 

One limitation comes about in the following way: In order to produce 
transistor action, the electrons which are injected into the p layer at the 
emitter junction must travel across this thin layer and arrive at the collector 
junction. They do this principally by a process of diffusion and require a 
finite (but small) amount of time to make the journey. If this time were 
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exactly the same for all electrons, the effect would be simply to delay the 
output signal with respect to the input and there would be no effect on fre­
quency response. But there is a certain amount of dispersion in transit time 
which means that the electrons corresponding to a particlar part of the 
input signal wave do not all arrive simultaneously at the collector. When 
this difference in time of arrival amounts to an appreciable part of a cycle 
there is a tendency for some of the electrons to cancel the effect of others 
so that the frequen cy response begins to fall off. As the signal frequency 
increases beyond this point, the effect becomes more and more pronounced 
and the response continues to fall with increasing frequency. 

In terms of the equivalent circuit, this dispersion in transit time means 
that beyond a certain frequency, rm (and hence a) begins to decrease with 
increasing frequen cy and so the transistor may be said to have a certain 
a-cutoff which we will call Jca. 

Shockley has shown that ]ca is inversely proportional to the square of 
the p-layer thickness and hence increases rapidly as the p layer is made 
thinner. For n-p-n transistors now available, this cutoff should occur at fre­
quencies between five and twenty megacycles. 

Another limitation on frequency response comes about from the fact that, 
at sufficiently high frequencies, the emitter junction fails to behave as a pure 
resistance and is, in effect, shunted by a capacitance. In terms of the equiva­
lent circuit, this means that re is shunted by a capacitance. 

The effect \Vhich this has on frequency response can be reduced by re­
ducing the impedance of the source from which the emitter is driven. But 
so far as the emitter junction is concerned, rb is always in series with the 
source impedance and so it is the value of rb which ultimately determines 
the emitter cu tofi frequency. 

This capacitative reactance should begin to become appreciable with re­
spect to emitter resistance at a frequency which may be of the same order 
asfca. If rb is high, the emitter cutoff frequency Jee will then be of the same 
order of magnitude as Jea and will increase as rb is decreased. 

A third cause for limited frequency response is the capacitance of the 
collector junction. The 11-type germanium on one side of the junction be­
haves as one plate of a parallel-plate condenser and the p-type germanium 
on the other side behaves as the other plate. Since the transition from n to P 
type germanium may be made in an exceedingly small fraction of an inch, 
the p\ates of the condenser are very .closely spaced and the capacitance may 
be appreciable. 

Collector capacitance also depends on collector voltage, decreasing with 
increasing voltage. Theoretically, the capacitance should be in proportion 
to the negative one-third power of Ve. 
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Fig. 25-Collector capacitance decreases as collector voltage is increased. 

Fig. 26-The equivalent circuit of a transistor with collector capacitance shown . 

, r,;, le 
re ,:c,.~ 

vv ~ ---i: ~ --
1 

' Fig. 27-The effect of collector capacitance is to change r., ancl r, to r:. and r;. Ser 
equations (67) and (68). 

Figure 25 shows measured values of C. as a function of collector voltage. 
For nasons which are not understood at present, these data show a de­
parture from the usual inverse one-third power variation. At v. = 4.5 volts 
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the capacitance is seen to be approximately 7 micro-microfarads. In terms 
of the equivalent circuit, this capacitance is in shunt with the series combina­
tion of re and the generator, rmic, as shown in Fig. 26. This can be shown 
to be equivalent to the circuit of Fig. 27 in which re has been replaced by 

re' = rc/ (1 + jCcrcw) 

and r"' has been replaced by 
I 

rm = r,,./ (1 + jCcrcw). 

(67) 

(68) 

The effect of collec tor capacitance can be computed by substituting 
,; and r:,. for the values of r,,. and re (implicitly contained) in equation (8). 
In the sections which follow, t hi 3 will be done for each of the three transistor 
connections and the resulting collector cutoff frequencies fee will be cum­

putecl. It will be shown that at least for the transistcr on which data are pre­
senterl collector rnpaci ta nee tends to produce a cutoff frequency well below 
those t0 be expected from emitter cutoff or alpha cutoff. For this reason, 

only collector cutoff will be considered. 

COLLECTOR CUTOFF 1N THE GROUK'DED B.-\SE STAGE 

If the values of r; and r;,. from equations (671 and (68) are substituted 
for r0 ancl r,,, in equations (16) and the resulting values of the R's are sub­

stituted into equatirm (8) , the result is 

aR1, ( ) 
v2/i•o = (re+ 1"b + R

0
)[l + R1,(l + jwCcrc) / rc] 

69 

The cutoff frequen cy Jee is defined as the frequency at which the voltage 

across the load has dropped 3 db compared to its low-frequency value. 
This is the frcqnen cy at which the imaginary part of the denominator of (69) 

is equal to the real part. Solving for frc giYes 

1 [ 1 . 1 arb J 
fee = 27rC R~ T ~~ - R1,(rc + Tb+ Ru)_ 

(70) 

Substituting into this equation Cc = 7(10)- 12 farad, numerical values 

of the r's from (16) , and the v2.lues R 0 = 91 and R1, = 4.58 (10) 6 ohms, cor­

resp::mding to maximum available gain gives 

f,·c = 3390 cps. 

With these terminations, the low-frequency gain is 44.3 db. If Ru and R1, 
are reduced to 25 and 200,000 ohms, respectively, Jee is raised to 23,500 cps 

and the gain is lowered to 37 .2 db. A further reduction of R1, to 20,000 ohms 

increases f cc t~ 0.22 megacycles and reduces the gain to 27 .8 db. This corre-
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sponds to a gain-bandwidth product of 1.2(10)8 cps and shows that useful 
gain could be obtained at frequencies well above a megacycle, provided 
alpha and emitter cutoffs did not interfere. 

COLLECTOR CUTOFF IN THE GROUNDED-EMITTER STAGE 

The procedure described in the last section leads, in this case, to 

t•tfv. = -RLrm/ re + (RLr,/re)(1 + }reC.w) __ (7!) 
r, + (rb + R0 )(l - r,,./rc) 

+ [r,Rdrc + (rb + R0 )(r, + RL)/rc](l + jrJ 'cw) 

For the transistor of our numerical example, the imaginary term in the 
numerator is completely negligible at frequencies below (10) 9 cps. Neglec ting 
it leads to 

r = _ l_ 1 + Rdre + [(rb + R0 ;/re][l - (rm - r. - R1J/r c] 
1

" Zn-Cc RL + [(rb + R0 )/ r,](r, + RL) 

In this case the values of R0 and R1. (619 ohms and 671,000 ohms respec­
tively) which correspond to maximum available gain give 

fee = 3740 cps and 

M.A.G. = 53 db. 

Reducing R1, to 100,000 and increasing R 0 to 1000 ohms gives 

Jee = 11,120 cps 

G = 50 db. 

For R 0 = 1000 :i.nd Ri = 10,000, 

Jee = 97,900 cps 

G = 41.3 db. 

and for R 0 = Ri = 1000 ohms, 

Jee = 943,000 cps 

G = 31.4 db. 

The gain-bandwidth product for this stage is 1.3(10)9 cps as compared to 
1.2(10)8 cps for the same transistor connected as a grounded base amplifier. 
It should be pointed out, however, that this stage is particularly sensitive 
t0 change in a and on this account alpha cutoff may influence the response 
at fairly low frequencies. For example, when the terminating resistances are 
both 1000 ohms, teducing a from 0.9785 to 0.900 reduces the gain from 
31.4 db to 0.2 db. 
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COLLECTOR CUTOFF IN THE GROUNDED COLLECTOR STAGF. 

In this case 

RL 
(rb + R 0 ) (1 - rm/re)} 

+ (1 / r,)(rb + R0 )(r. + RL)(l + jwCcr,) 

and 

(73) 

(74) 

For matched impedances (R 0 = 139,000 ohms and RL 

Jee = 320,000 cps 

2990 ohms), 

G = 16.7 db. 

The cutoff frequency can be raised by decreasing either Ra or RL. With 
Ra = 139,000 and R,, = 25 ohms 

f cc = 9. 77 megacycles 

G = 1.8 db 

The gain-bandwidth product in this case is 1.5(10)7. 

NOISE 

The data now available on noise are insufficient to give an adequate 
picture of the performance of n-p-n transistors in this respect. Such measure­
ments as have been made, however, make it clear that these devices are very 
much quieter than early point-contact transistors reported on by Ryder and 
Kircher. 

Transistor noise seems still to decrease with increasing frequency at a 
rate of something like 11 db per decade. It also decreases as the thickness 
of the player is decreased. 

Of the order of half a dozen units of various dimensions have been meas­
ured at 1000 cps and have shown noise figures as low as 8 db and as high 
as 25 db. 

The dependence of noise figure on operating point has been measured for 
only one transistor. As indicated in Fig. 28 and Fig. 29, these data show 
that the noise figure improves as V, is reduced and that it may be roughly 
independent of collector current. These data were taken on a grounded 
emitter stage with impedance match at the input terminals. Noise figure for 
this connection varies slightly with source impedance and has been found 
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lo be a minimum when the source impedance is roughly equal to the input 
impedance of the stage. 

It must be emphasized that this functional dependence of noise figure 
on operating point and source impedance has been measured for only one 
transistor. Further measurements may show that these results are 111,t 
typical. 
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Fig. 28-Noise figure increases with increasing collector volta~c. 
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Fig. 29-Noisc figure does not vary much with collector current. 

FINAL Co111~1ENTs 

In this paper we have attempted to present what is known about the 
circuit performance of 11-p-n transistors. Since these devices are still under­
going exploratory development and since only a limited number has been 
produced, it is obviously impossible to give statistirnl data on reproduc­
ibility or on such reliability factors as the effect of ambient temperature. 

It is much too soon to know what properties may he achieved after further 
development, but the results obtained to date seem encouraging and worth 
reporting. 
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GENERAL CONSIDERATIONS CONCERNING 
NON-LINEAR CIRCUITS AND NEGATIVE 

RESISTANCE 

In general, it can be said that switching circuits 
make use of non-linear characteristics of particular devices. 
Numerous instances of such devices and circuits have been in­
vented in the past. Examples are the non-linear characteristic 
of the armature motion in a relay, cutoff and saturation in a 
vacuum tube, sudden change in resistance of a gas tube upon 
ionization, and collector "cutoff" and saturation in a 
transistor. 

Utilizing these non-linearities, many types of cir­
cuits can be built having useful properties which arP. not pos­
sible to obtain using only linear elements. Oscillators, multi­
vibrators, counters, and trigger circuits are examples. 

These circuits have generally been invented and de­
signed "by themselves", for particular applications, and any 
mutual relationship not recognized until much later, or not at 
all. In other words, there exists no point of view generally 
available by which all,or man~ of such non-linear applications 
can be seen in "perspective". 

This situation is in contrast to that prevailing in 
linear circuit theory where there exists a theory giving both 
qualitative and quantitative design criteria on a wide variety 
~f devices. For example, figures of merit are available to 
compare linear circuits in a quantitative way, criteria for 
cascading amplifiers are well known, and response to varying 
types of input can be accurately calculated. None of these 
advantages is available for non-linear circuits. Of course, 
there is a good reason for this. The non-linear differential 
equations governing the devices of interest are considerably 
more difficult to solve than linear ones. However, in develop­
ing a new field, that of transistor switching circuit~, it 
would be very advantageous to have a design theory which would 
incorporate at least some of the good points of linear design 
theory, and allow comparison of transistor switching circuits 
with each other and with previously known circuits. It is 
believed that the commoi: property of a broad class of switching 
functions, that of the oscillators or "trigger circuits'', is 
that of negative resistance. While it may be difficult to 
prove this exclusively and a priori, the evidence seems to be 
preponderately in this direction as all such circuits, upon 
analysis, do have negative resistance. It is then proposed to 
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u3e the mechanism of negative resistance as a means to codify 
switching functions so as to delineate the design theory in 
such a fashion as to be applicable to all modes of manifesta­
tior. be they negative grid tubes, gas tubes, transistors, 
thermistors, mechanical devices or what not. A goodly part of 
such a formulation is the appreciation of points which lead to 
satisfactory and practical devices which suggests a study of 
existing devices and circuits for an analytical determination 
of such features. However, a basic understanding of the first 
order, basic non-linear behavior is necessary before either 
analysis or synthesis can be accomplished. It is expected, and 
in part realized, that such a study will reveal controlling 
factors which relate to stability conditions, wave shape, 
speeds, sensitivity, gain, etc. When basic relationships are 
once established in terms of the common medium of a negative re­
sistance characteristic it remains: (1) to interpret these 
factors to device in this case transistor, parameters, and 
(2) to devise circuits to yield such requirements. The actual 
devisement may require ingenuity and invention, but would have 
the decided advantages of an ordered directed procedure, defi­
nite objectives and a mechanism for quantitative comparison. 

Accordingly, work has been started which it is hoped 
may lead toward such a goal. How far it is possible to go 
without running ~nto unrewarding complexity, is of course not 
yet ~nown. Complete quantitative results will probably always 
depend on computing machines. Nevertheless, it is believed 
that qualitative results can be achieved which will be highly 
useful, and also a qualitative understanding is important even 
when depending on machines, if effective use is to be made of 
them. 

In part , lack of progress in this field is due to 
lack of dissemination of knowledge. Non-linear theory of dif­
ferential equations has made considerable progress within the 
past 50 years, but applications to circuits have not become 
widely known because of the relative inaccessibility of the in­
formation, due to excessively mathematical formulation, or 
foreign publication. Only within the last year or two have any 
but sp~cializ e d works on non-linear circuit applications been 
published in English, with the possible exception of Van der Pol's 
papers published in England in the late 1920 1 s. Preliminary 
references are given in the bibliography at the end of this 
report. 

In this report some preliminary, qualitative results 
on a negative resistance circuit will be discussed. 

The circuit to be considered is that of Fig. l . We 
assume that the rectangular box contains an element with an 
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"N"-type negative resistance, that is, it has the non-linear 
v 1 -1 characteristic shown which is assumed to be independent 
of frequency. Straight lines have also been assumed for sim­
plicity, although this will not affect the qualitative nature 
of the results which will apply to any single-valued function 
of 1. It is an observed fact that all negative resistance 
devices have an internal parameter which is frequency sensitive 
and to the extent that the delay in a transistor is represent­
able by an inductance (which is believed good for first approxi­
mation), this circuit is that often used with the emitter char­
acteristic when there is a resistance in the base lead. (See 
Fourth Quarter Progress Report). Care should be taken to avoid 
confusion between v' and v. 

We wish to understand the behavior of this circuit 
qualitatively as the parameters r, R, Land C vary. 

In this and subsequent treatments mathematical mani­
pulation will be kept to a minimum, only the final results being 
given in the text. Any further mathematics thought necessary 
will be relegated to an appendix. 

To simplify matters, the rectangular box will be con­
sidered at first to contain a linear resistance of valuer, 
which may be either positive or negative. It ma~ also contain 
a de term equivalent to a battery, (i.e. its v'-i line need not 
go through the origin), but the measurement of v and i (3cross 
the condenser and through the inductance respectively) will be 
chosen in such a way as to eliminate any constant term of r as 
well as that due to the battery voltage v. In other wo~ds, the 
origin of the v-i coordinates will be chosen at the point of 
intersection of the v-i lines of Rand r. 

With this convention, the basic differential equations 
of the circuit become: (see Appendix) 

dv 
dt 

1 
RC ( v + 1R) 

di 1 dt = 1 (v - ir) 

V 
dv L T + R 
aI = - RC V 

T - r 

( 1 ) 

(2) 

(3) 

(4) 
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The first two come directly from the circuit after eliminating 
v and any con~ta!'lt term in r as described above. Equation (3) 
results from dividing ( 1) and ( 2), and ( 4) results from elimi­
nating i between (1) and (2). All the information we need is 
contained in these equations. 

To find the circuit behavior, we make use of the v-i 
plane and find what happens to v and i if they are initially at 
v

0 
and 10 • Equation (3) gives this information, because it is 

the differential equation of the paths in the v-i plane, and it 
is a first order one, so one initial ~ondition is enough to 
determine a path for all time "before" and after. Also, only 
one path goes through any ordinary point of the plane. (Ordinary 

here means that ~~ I oo. In this case only the origin is not 
ordinary; it is called singular.) Now it is possible to solve 
equation (3) by standard methods, since it is a homogeneous equa­
tion of the first degree, however the solution is uot what we 
want, but a general method. The method to be presented is known 
as the method of isoclines (curves of constant slope). These are 
the lines given by putting equation (3) equal to a constant 

(~~=canst.). In this case, we have a particularly simple situa­
tion. (See Fig. 31) It can be seen from (3) that if v/i = canst. 

so is~~- ~herefore, straight lines through the origin are iso­

clines. In particular, the slope of the solutions (paths) is zero 
when v = -Ri and infinite when v = ri as seen from (3). We can 
therefore take as many lines through the origin as we please, com­
pute the slope and draw short segments of this slope at intervals 
along the appropriate line. The direction of motion is thus de­
termined at every point of the plane. The sense at any point 
remains to be found. It follows directly from (1) and (2). If, 
for example, at a given point (v,1), v + iR > 0 and v - 1R > 0 
also, then (1) shows that vis decreasing with time while i is 
increasing. Thus arrows can be placed on the direction lines to 
show sense. 

In this way a vector field diagram can be drawn, and if 
the isoclines are close enough, the nature of the motion can be 
seen directly. For our case, a simplified drawing is shown in 
Figures 2 and 3 . Fig. 2 shows the case when r is negative; R 
is the "load" line. In this case, any (v,1) poirt moves on an 
outward spiral from the point of intersection of rand the load 
line, that is, the origin is unstable, A typical spiral is shown 
corresponding to particular initial conditions. Of course, if r 
remained linear, it would spiral out forever, however, it will 
eventually run out into a region like that shown in Fig. 3 • In 
this case, r is positive, and the (v,i) point now moves in a de­
creasing spiral toward the origin, that is, the origin is stable 
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A point which is the center of spirals like Figs. 2 or 3 is 
known as an unstable or stable focus, as the case may be. This 
means that the characteristic roots of (4) are complex, cor­
responding to exponentially increasing or decreasing oscilla­
tions. There are other types of centers, depending of course 
on the magnitudes of r, R, L and C, which determine the nature 
of the solutions of (4). However, this point will not be pur­
sued further at this time, except to say that the speed of 
response of the circuit will depend on the nature of the centen 

Now in Fig. 4, the two types of centers shown in 
Figs. 2 and 3 are combined to show the behavior of the cir­
cuit with N-type negative resistance. The v-i plane is divided 
into 3 regions by the vertical dotted lines. In the middle 
region, r > 0, so Fig. ?. holds with the middle heavy point as 
unstable center, (pt. #1), whereas in the outer regions Fig. J 
applies, with the outside heavy points (where "R" meets "r" 
extended in the Fig.) as stable centers (pts. #2 and 3). 

The beginning of a path naturally depends on the 
initial switching arrangement. If the system is initially near 
pt. 1, it spirals outward until it crosses a dotted vertical 
line. It then tends to spiral in toward pt. 2 or 3, but never 
reaches it, because it crosses a dotted line first when it then 
again has pt. #1 as unstable center. 

However, if it starts at a great distance from pt. 1, 
the general trend is inward because it spends so much time try­
ing to get near pts. 2 and 3. Therefore, there is some path 
which is closed, toward which both outward and inward spirals 
tend. This is called a limit cycle, and is the path of steady 
oscillations reached by this type of circuit. (See Appendix) 
It can be considered as that path for which the outward and in­
ward spiralling tendencies just cancel. Note that this applies 
equally well to any oscillator depending on this type of nega­
tive resistance, and indeed is characteristic of many types of 
oscillators. 

It is to be noted that as L approaches zero, (3) shows 
that the slope of the paths approaches zero everywhere in the 
plane except where T - r = O, that is, along the "r" line. It 

can be shown that the point then tends to move along the "r" 
line, so that the oscillation tends to snap horizontally from 
tl':e "peak 11 to the far "r" line, down it to the "valley" point, 
horizontally back to the original "r" line, etc. Thus, when L 
is small, the oscillation is a "relaxation" oscillation whePeas 
when Lis larger, the limit cycle rounds out until when lt is 
oval, the oscillation is nearly sinusoidal. Thus, there is a 
continuous transition between relaxation and 0 sinusoid:1l" 
oscillations. 
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If the "R" line were such that pts. 2 and 3 were "real" 
' :ni1stead of "virtual", that is the "r" line proper crossing "R", 
f 
:~.!.! system would come to rest at pt. 2 or 3 and would remain 
t :::•:ere until "triggered" . 
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and, 

APPENDIX 

Derivation of equations (1) and (2) 

From Fig. 30 

V = v + IR, I is current in R 

v = '¥( i) + L ~}, where v ' = 1f1 i ) 

Also, since v = l, I condenser= C %r 
dv I=Car+i 

by (A-4) and (A-1) 

or 

V = v + (C dv + i) R dt 

RC t = V - v - iR 

L ~~ = v - V(i) by (A-2) 

Now, assume ~ = ri + b 

and make the transformation 

Vr + Rb 
v = v + r + R 

then (5) becomes after a short calculation 

dv 1 at= - ~ (v + TR) 

while (6) becomes 

di 1 (- I ) af = L v - r 

(A-1) 

(A-2) 

(A-3) 

(A-4) 

(A-5) 

(A-6) 

(A-7) 

(A-8) 

(A-9) 

which are the desired equations. The bars are omitted in the 
text for convenience. 



Note in regard to limit cycles. Other types of limit cycles 
are possible in more complicated systems. In fact, it is 
possible to have more than one limit cycle in the same sys­
tem, or limit cycles plus stable points. Mathematically, a 
discussion of existence and position of limit cycles in gen­
eral is quite complex and will not be discussed here, since 
the existence of a limit cycle in the simple case discussed 
1s evident from physical considerations. 

R L i. 

T--_i J\/V~ - Jr -ole~~-1 
I __ J.__- ___ IL~ ·...______._1 l__,1 

T 

~--------------~, 

A, OR MORE 

GENERALLY, ir1 • 'f/(1) 

Fig. 1 RLC Circuit with N-Type Negative Resistance 
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Fig. 2 Unstable Focus with r Negative 
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Fig. 3 Stable Focus with r Positive 
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Fig. 4 N-Type Negative Resistance Oscillation 
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IDEALIZED NEGATIVE RESISTANCE CHARACTERISTICS OF THE TRANSISTOR 

Abstract 

Circuital methods by which the nefative resistance 
characteristics of the transistor may be modified to approach 
"idealized" Nor S type (open circuit or short circuit stable) 
characteristics are discussed. Stabilization of the turning point 
in the characteristic is also covered. In various large signal 
switching applications, such as binary counters, single-shot 
multivibrators, etc., the triggering action from one state to an­
other may be explained in terms of a negative resistance char­
acteristic. For many of these applications, the normal asymmetric 
characteristic may place undesirable triggering requirements upon 
the circuit designer, and the purpose of this memorandum is to 
illustrate circuital methods by which the negative resistance 
curve for the transistor may be modified to approach "idealized" 
Nor S type (open circuit or short circuit stable) character­
istics, as illustrated in Figure 1. 

Each of the characteristics, emitter, collector 
and base will be analyzed, and the methods illustrated for each 
case, together with experimental verification. 

General 

The input impedance of any linear active four-pole 
is given by: 

( 1) 

where the Z's are the usual ooen circuit loop impedances, valid 
for linear characteristics only. For "large signal" switching 
application analysis we may suitably sectionalize the device 
characteristic such that ~~ch section of the curve may be consid­
ered approximately linear\ 31 • Figure 2 illustrates such a division 

(J)This treatment is due to B. G. Farley 
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Mor a typical emitter ( V~ vs IE ) characteristic into Regions I, 

III and III, with ea ch region having its own set of device parame­
l!ters as listed in Table A. In all of the following analysis, lowel 
ocase impedances or resistances refer to device parameters and cap­
iitals to external circuit elements. 

11.0 Emitter Characteristic (V~ vs IE) 

1.1 Imoedance Relationships 

Region I 

from equation (1) the impedance or slope may be written 
:for the typical circuit configuration shown in Figure 2: 

( 2) 

For typical values of R:a "" lOK, R1 -= 2K, the input resistance may 

be calculated as: 

0 hl = 107,000 ohm 

i3y inspection it may be seen that the slope is determined princi­
pally liY' r 11 in this reg ion, and that as 1.ong as r 11 > 70,000 ohm:!, 

the other factors will a mount to less than 1~. 

Region II 

Using device parameter values in accordance with Table A, 
the impedance relationship may be simplified to: 

(3) 

For the same typical values of external circuit elements: 

0 RI= - 8700 ohms. 

This is the negative resistance portion of the characteristic. 
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Ree:ion III 

( 4) 

' 0 R1 = + 2JOO ohms 

An examination of the composite characteristic in view of the in­
put resistances obtained by the above analysis shows that it ap­
proaches the "ideal" unsymmetrical voltage to current negative re­
sistance of Figure 1. It is proposed to modify the characteristic 
so that it approaches the voltage to voltage type of negative re­
sistance. Three circuit modifications by means of which the re­
sistance of Region III may be increased will now be illustrated 
and discussed. 

1.20 Circuit and Modifications 

1.21 Method 1 

The first method is to attempt to limit the collector 
current when the desired turnover point is attained, equivalent to 
raising R1 to a high value. If a diode, properly biased so that 
it is normally conducting except when the collector current ex­
ceeds a certain value, is inserted in series with the load re­
sistor R1 as shown in Figure J, the characteristic is modified as 
tllustrated. The turning points x', x'', x''' may be chosen at 
iill by suitably varying the biasing current IRV , and the slope 

1 
of the line x' - x', etc., is given by the expression: 

{ 5) 

where R1
1 represents the entire external collector circuit re­

sistance. Since the diode will exhibit a very high resistance in 
the order of 0.5 megohm, the effective value of the resistance in 
series with R1 is determined largely by the amount of voltage 
available for biasing, setting RR. Calculating the new slope for 
RR = 60K: 1 

1 
I 

H1 = 8600 ohms 
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lindicating an increase by a factor of 3.to 4. The impedance is of 
Cicourse greatly increased in the region near the turning point, 
ssince the normal characteristic exhibits a considerable region of 
u:ero sJope at this point. 

1,22 Method 2 

The next step is to make use of the fact that we have 
Ilimited the collector current by the above device and that, refer­
I ring to Figure 4 : 

I 
E 

( 6) 

Thus when the varistor H.V 1 operates to limit the collector current 

at the turning point x' , the de creased collector current with re­
spect to the emitter current allows the base varistor RV 2 to 

operate in its reverse direction, and to further increase the 
slope, The impedance is now determined by the expression: 

(7) 

where the R' B is now the entire external resistance in the base 

circuit. Again the value for H.R is determined by the voltage 
2 

supply available for biasing, and 

0 

R' B =RB+ RR 
2 

The shunting resistance of the diode is neglected here since it is 
an order of magnitude greater than Rn • Calculating the new slope 

l\ 2 
= 56,000 ohms: 

0 Ri = 32,000 ohms. 

B~perimental verification of methods 1 and 2 has been made and the 
slopes obtained agreed with the analysis within experimental ac­
curacy of slope determination. 
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1.23 Method 3 

In many cases, the impedances obtained by using the fore­
going methods will be sufficiently high to match the impedance ob­
tained in Region I. However, it is possible that still higher 
values would be desired. Figure 5 illustrates the circuit arrange­
ment for placing a diode in the emitter circuit, suitably biased 
so that it is nonnally conducting until the desired turnover point 
is attained, at which time the diode becomes a high resistance and 
limits the input current to the device. An analytical derivation 
of the impedance relationships in the three regions of interest 
for this circuit is made in Appendix A of this memorandum. 

Region I 

( 9) 

The following values for R1 and R2 were used in a test setup: 

Hl "'0.2M 

lt2 = O.J6M 

Substituting: 

' Hl = 59,000 ohms. 

Hegion II 

(10) 

Substituting: 

I o 
R1 z - 9400 ohms 
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l 

Hegion III 

(11) 

Substituting: 
' 0 R1 ~ 67,000 ohms. 

It is obvious that values for the circuit components may be so 
chosen that equal slopes in the positive resistance regions may be 
achieved; also that control over the slope in Region III may be 
effected by a suitable shunting resistance across the diode. It 
may therefore, be concluded that by the general method of employing 
biased diodes to modify the V~ -I £ negative resistance characteris-

tic of the transistor, a range of impedance values in Region III 
may be obtained. The exact method, or combination of methods, will 
depend upon the circuit configuration under consideration. 

' 2.0 Collector Characteristic (V c vs Ic) 

2.1 Impedance Relationships 

Region I 

From equation (1), the impedance or slope may be written 
for the typical circuit configuration as shown in Figure 6. 

(12) 

Substituting 

' 0 R1 ~ 29,100 ohms 

It may be seen that the slope is determined principally by r 22 and 

R8 in this region, and that as long as r 11 is large, the other 

factors will amount to less than 3%. 

A of 

H.egion II 

Using device parameter values in accordance with Table 
Figure 2, the impedance relationship may be simplified to: 

' o RB(RL-r21) 
Rl ~ r22 + R

1
+RB (13) 
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Substituting: 
0 

R1 • - 20,000 ohms 

This is the negative resistance region of the characteristic. 

Re~ion III 

(14) 

Substituting: 

r o 
R1 = 2800 ohms 

Therefore, the composite characteristic approaches the ideal cur­
rent-to-voltage negative resistance of Figure 1. It is proposed 
to modify the characteristic so that it approaches the voltage-to­
voltage type of negative resistance. Circuit modification by 
means of which the resistance in kegion III may be increased will 
now be illustrated and discussed. 

2.2 Circuib and Modifications 

2.21 Method 1 

As for the emitter characteristic, we will attempt to 
limit the load current (in this case the emitter current) when the 
desired turnover point is attained, equivalent to raising R1 to a 
high value. Inserting a properly biased diode in the emitter lead, 
so that it is normally conducting except when the emitter current 
exceeds a certain value, as shown in Figure 7, modifies the 
characteristic as illustrated. The slope of the lines x'x', etc. 
is given by the following expression and the intercept point may 
be chosen at will by varying the biasing current IRV : 

1 

where R'L represents the entire emitter circuit resistance. Again 
we may neglect the shunting effect of the diode due to its high 
back resistance. Calculating the new slope for RR = 60K: 

1 
t 0 

R1 = 9600 ohms 
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indicating an increase by a factor of J to 4. 

2. 22 Method 2 

we again may make use of the fact that the load current 
is limited by the above device, and introduce a biased diode in the 
base lead to further increase the slope. The impedance is now de­
termined by the following expression: 

( 16) 

' where tt8 is now the entire external resistance in the base circuit. 

For HR "" 56000 ohm: 
2 

' 0 R1 = 32000 ohms 

neglecting the shunting effect of the diode resistance. Experi­
mental verification of methods 1 and 2 have been made and the 
slopes obtained agreed with the analysis within experimental ac­
curacy. 

2. 23 Method 3 

In a manner analogous to the emitter case, Figure 9 il­
lustrates the circuit arrangement for placing a diode in the col­
lector circuit suitably biased so that it is normally conducting 
until the desired turnover-point is attained, at which time the 
diode becomes a high resistance and limits the input current to 
the device. An analytical derivation of the impedance relation­
ships in each of the three regions of interest for this circuit is 
made in Appendix B of this memorandum. 

fi.e,:;ion I 

(17) 

The following values for R
1 

and R
2 

were used in a test setup: 

Substituting: 

R1 = 0.16M 

R2 = O.lM 
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Region II 

I O 

' 0 R1 = + 20,000 ohms 

( R3+RL } 
(r22(RB+HL}-RBr21 } 

R1 = - JJ,000 ohms 

Re.Edon III 

' 0 R1 = + 62,000 ohms 

(18) 

(19) 

It is obvious that values for the circuit components may be chosen 
to obtain equal slopes in the positive resistance regions if de­
sired, and that control over the slope in Region III may be 
achieved by a suitable shunting resistance across the diode. 

It may be concluded that by the general method of 
P.mploying biased diodes to modify the V~ vs I c negative resistance 
characteristic of the transistor, a range of impedance values in 
hegion ill may be obtained, and that the negative resistance may 
also be varie~, if desired. 

I 
J.O Base Characteristic (-VE vs Ib)(Grounded Emitter) 

J.l Impedance helationships 

Region I 

from equation (1), the general impedance expression for 
the circuit as shown in Figure 10 may be written: 
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I 

( 20) 

This may be simplified from a consideration of device parameter 
values for Region I: 

(20A} 

For typical values of Ri, = 1200 ohms, R1 = 220 ohms, the input 

resistance may be calculated as 

I o 
h1 = 17,500 ohms 

Region II 

Using device parameter values, the impedance expression 
may be simplified to: 

(21) 

Substituting: 

t 
R1 = - 127 ohms. 

By reducing R1 , the value of the negative resistance may be in­

creased to the order of - 300 ohms. A small value of R1 may be 

advisable for current limiting. 

Region III 

(20) 

' H. 1 = 390 ohms 
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An examination of the composite characteristic in view of the im­
pedances obtained by the above analysis shows that it approaches 
the "ideal" short circuit stable voltage-to-current negative re­
sistances of Figure 1. It is proposed to outline a circuit modi­
fication by means of which the resistance in Region I may be re­
duced. 

J.2 Circuit and Modification 

J,21 Method 

A diode is inserted between base and ground, as il­
lustrated in Figure 11. This results in the "S" type character­
istic depicted, current-to-current. An analysis of this circuit 
(Appendix C) shows that in Region I the following expression may 
be derived: 

(22) 

Calculating: 

' R1 = 210 ohms 

This modification, therefore, results in a nearly perfect current­
to-current short circuit stable negative resistance. 

4.0 Stabilization of Characteristics 

4.10 The foregoing modifications illustrated methods by 
which the slopes or impedances of the negative resistance 
characteristics may ~e controlled, In addition to the slopes, the 
turning points of the characteristic are of interest to the circuit 
designer; in fact, the triggering impulse required will depend 
upon how closely the turnover point may be approached by the load 
line. Referring to Figure 12, which depicts a normal emitter open 
circuit stable negative resistance characteristic, on which a 
biased load line R. has been drawn, it can readily be appreciated 

I * .L 
that if the V EO of the transistor varies over an appreciable 
range, that a circuit which is designed to have two stable condi­
tions at A &. B may becom~ mmostable at B, or require a larger 
triggering impulse v, unless the bias potential is varied, or 
circuit elements changed in value. It is proposed to describe a 
circuital means of mitigating this disadvantageous variation in 
' V £0" 

- - - - - -------------- ---
*The v' may be defined as the voltage developed from emitter to 

£0 
ground with emitter current I£• o. 
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I 

4.11 Figure 12 has been derived from the "broken line" 
analysis due to B. G. Farley. The following equations based upon 
this analysis have been derived: 

Ie:t = 
Vee 

(23) RB a(H 8+R1T 

(23) 

' 
V 

V ,.. cc 
e:t R a ( ~) 1 - ~ -a RB 

These rquations define the turnover point corresponding to the 
onset of current saturation, or the end of the negative resistance 
region, and show that this turnover point is reasonably fixed, 
since the a of the Al698 switching transistor is fairly consistent­
ly in the order of 2 in this region. The equation defining the 
turnover puint at I e: = o, the beginning of the negative resistance 
region is as follows: 

I 
V = 

EO 
(24) 

* Using this relationship , we may calculate the effect of Vco vari-
ation. Vc

0
's greater than 40 are proposed as standard acceptance 

values for the Al698 switching transistor; allowing for a degreda­
tion down to 30 during operating life and an upper limit of ap­
proximately 120 would result in the spread illustrated as the 
shaded portion uf the curve of Figure 12. The disadvantages of 
biasing the emitter load resistance H, so as to insure stability at 
point A for all V 's down to 30 are: J. co 

(1) Large triggering impulses required for high Vco 
units. 

(2) Harrow range of variation allowable in resultant 
bias potential, since if the load line falls below 
the saturation turning point, the unit becomes 
monostable at A. 

------- ----------------
* The Vco may be defined as the voltage developed from base to 
collector with emitter open-circuited and 2MA Collector current. 
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4.12 A stabilization means suggested by A. J. Rack ~s il­
lustrated in Figure 13. It involves the introduction of a biased 
diode in the base lead, so poled that it is normally conducting for 
IE= O. The effective resistance in the base lead is then the for­
ward resistance of the diode (~250 ohms), and the changes in the 
V! 0 due to variations in V00 from unit to unit is reduced from about 
lJ volts as shown on Figure 12 to approximately 0.4 volt, although 
the percentage variation remains the same. The proportion of volt­
age v2 which appears across RB when added, by the principal of super 
position, to the V' acts to center this variable voltage about the 
origin. Then a vef~ small biasing potential v1 , in the order of -1 
volt, will insure stability at point A for all units having Vc

0
's 

between 30 and 120. As soon as the combined effect of emitter and 
collector currents exceed the biasing current through the base var­
istor, the varistor assumes its high resistance condition; the re­
sistance in the base lead changes from R~, the forward resistance 
of the diode, to Rsr the voltage impress~d upon the device becomes 
Vee+ v2, and the emitter resistance R1 is biased a total of v1 + 
V~ volts. This change is illustrated in Figure 13 as the vertical 
aiis shift in R,, the load line. Variations in the biasing voltage 
v2 will result In a flat topped pedestal which by design, may have 
a slight negative resistance as shown. It should also be noted that 
if +V be increased so that the R1 load line, after the shift in 
axis, 2falls below the current saturation turning point, the circuit 
is monostable, with a stabilized triggering point at A. 

This circuit modification has the following advantages, 

(1) Stability from unit to unit is achieved. 

(2) Dissipation in the unit is decreased in the "off" condi­
tion. This is the condition of greatest dissioation, and for simi­
lar output conditions, is decreased by the modification due to the 
fact th8t v2 is, in effect, not impressed across the unit when the 
diode is in its low resistance state. The modification has the dis­
advantage that if more than the V2 voltage required for correct 
turnover is applied, the pedestal which results introduces a delay 
in triggering. As stated heretofore, monostability will result if 
V2 is increased to the point where the load line does not inter­
sect the characteristic. 

5. Conclusions 

5,1 The slopes of the negative resistance characteristics of 
transistors, both open circuit stable ' and short circuit stable 
trpes, may be m?di~ied hf means of biased diodes to obtain symmet­
rical characteristics which may prove to facilitate the design of 
switching circuits. 

5.2 Stabilization of the V1 ~ turning point of the emitter or 
collector characteristics may beE~chieved by means of a biased 
diode, effecting a high degree of interchangeability and in­
dependence from transistor variations. 
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EMITTER CHARACTERISTIC MODIFIED PER METHOD 1 
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SOME SWITCHING ASPECTS OF TRANSISTORS 

INTRODUCTION 

It is proposed to discuss some of the properties of 
transistors which are applicable to switching, to develop 
elementary analysis methods and to describe a few circuits. 

The bounds or limits of the field of switching are 
difficult to define. The common thread usually involves defin­
ite states of being as "open or closed", "off or on", "O or 111 

and so on, rather than a continuum of conditions. Even when con­
sideration is given to more than t;-,ro states, the thought in­
volves distinct recognition of each state. The field is termed 
to be non-linear in distinction to linear manipulation of infor­
mation. Any number of anomalies in definition may be raised. 

Without attempting to either define or to limit the 
field some of the functions which are often employed are: wave 
form generation, as rectangular pulses, sawtooth waves, etc; 
memory or storage which may be for short, intermediete or long 
periods and involves the retention of information for subsequent 
use; operations involving addition, su btraction, multiplication 
and division; translation of information from one f orm or code 
to another; gating, involving the routing- of si.e:nals according 
to a predetermined pattern or set of conditions; re~eneration 
of signals in amplitude and wave form; delay, which may be 
thought of as a form of storage; and timing. Some of these func­
tions are simple; others result from fairly complex structures 
of simpler functions. 

Present trends in switching systems are toward compli­
cated automata as exemplified by digital computers.l The re­
liability, power consumption and physical size of the electron 
devices employed largely determines the degree of realizability 
of such systems. It is oelieved that the transistor will find 
a significant application in this field. 

The transistor can reduce power consumption by the 
elimination of heater or filament power. In addition, particu­
larily in broadband applications as in high speed pulse systems, 
the 11 B11 power may be reduced by the order of decades if not more, 

1 "High Speed Digital Computers", L. N. Ridenour, Journal g1 
Applied Physics, vol. 21, no.4, April, 1950, pp.263-270. 

- 284 -



Transistor circuits with 0.02µs rise time have been made to 
operate with an input power of 20 milliwatts which compares 
with approximately 2. 5 watts ( 1 watt heater, 1. 5 watt plate) 
for an ey_uivalent tube circuit. Transistors have operated 
with less than one microwatt input power.2 

Such power reductions result from the low operating 
voltages, low internal resistances and low capacitances of 
transistors. Low internal impedances greatly reduce the im­
portance of stray wiring capacitances thereby making mechani­
cal design much simpler and often eliminating the need for the 
isolating or buffer amplifiers. 

The transistor can contribute difinite reduction in 
size directly. Fig. 1 is a photograph of a "bead" transistor 
which has a volume of approximately one-thousandth of a cubic 
inch and a weight of 5/1000 ounce. Indirectly the transistor 
can contribute to size reduction through the use of smaller 
lower voltage, lower dissipation components. The reduction'of 
power supply requirements in terms of size, regulation and capac­
ity is also quite appreciable. 

Transistors have been subjected to shocks in excess of 
20,000 G without change in characteristics. Vibration tests 
have shown no resonances in the transistor shown in Fi,1!. 1 to 
several thousand cycles. Harmonic accelerations of lOOG at 
1000 cycles have produced no detectable current modulation. 
Life reliability and expectancy is difficult to determine due to 
the relative infancy of transistors, the definite finiteness of 
time, the many variables involved and the rate of development 
progress. Average life is presently estimated to be in excess 
of 70,000 hours. Life is a fu11ct ion of the operating conditions 
and may be materially reduced accordingly. 

At present tra nsistors also have limitations. Noise 
is high as compared to electron tubes; input impedances are low, 
which may be either advantageous or disadvantageous; power out­
put is limited; fre ::;_ uency response is relatively low; circuit in­
stability may ca use design difficulties; and the devices are 
sensitive to temperature changes. There is also an absence of a 
long practical experience with a consequent art background in 
both devices and circuits. 

While it is difficult to define the switching field, 
it is no less difficult to discuss circuit and device properties 

2 "Some Circuit Properties and Applications of n-p-n Transistors" 
R. L. Wallace, Jr. and W. J. Peitenpol, Bell Syst. Tech. Jl, 
vol.XXX, no.J, July, 1951, pp.530-50). 
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on a ~eneral basis. This is. rel~te~ to. the non-lin';ar nature 
of the circuits and devices in distinction to the virtually 
classical linear small signal field. The lack of a classical 
method of analysis is a serious handicap in the ~ynthesis of 
contemporary circuits and devices. When new d7vice s, . as. the 
transistor are to be considered, the problem is multiplied due 
to the lack of a long practical background of experience. 

It has been assumed that negative resistance is a 
common thread between "trigger circuits" and oscillators re­
gardless of the device employed-elec~ror: tube, gas tube, transis­
tor, mechanical structures, etc. This is not a new or novel 
idea and there is no intent to present it as such. 3 Rather, it 
is used as a pattern upon which a certain degree of transistor 
analysis may be based, leading to simple understanding. The an­
alysis assumes that the negative resistance characteristic can 
be broken into three regions, in which each region can be considered 
on a linear basis. 

Section I will deal with simple properties; Section 
II with analysis and device properties; and Section III with cir­
cuit design. 

I - SIMPLE PROPERTIES 

The common property, which is ascribable to swtichin€". 
functions is that of definiteness of state. The condition of 
the function is either "off" or "on". Switches are either open 
or closed; relays operated or not; tubes are in cutoff or satura­
tion; doors are open or closed and so on. This is common re­
gardless of the phenomena being exploited. 

There is an intermediate region between these two con­
ditions usually characterized by a time which is related to how 
fast the function may go from one state to another . Functionally 
these times of closing and opening are taken to be zero; prac­
tically, they are of determining importance. Relays replace 
hand-operated switches and electronic devices replace relays as 
speed becomes important. Obviously, no function or system can 
be faster than can its state-devices operate. 

3 See for example "Negative Resistances, their Characteristics 
and Effects. Sinusoids, Relaxation Oscillations and Relaxa-
tion Discontinuities", Walter Reichardt, Elektrische Nachtrichten­
Technik, v.20, no.9, March, 1943, pp.76-87. "Uniform rtelation­
ship Between Sinusoids, Relaxation Vibrations and Discontinu­
ites", Walter Reichardt. Elektrische Nachtrichten-Technik , 
v.20, no.9, Sept., 1943, pp.213-225. For transistors: "Counter 
Circuits Using Transistors", E. Eberhard, R. 0. Endres and R. P. 
Moore, RCA Review, Dec., 1949, pp.459-476 and "A Transistor 
Trigger Circuit", H.J. Reich and Wugvary, Rev. Sci. Inst., 
v.20, p.8, Aug., 1949, p.586. · 
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All such state-devices will have separate attendant 
properties such as the degree of reverse coupling between the 
controlling signal and the controlled signal. Separated into 
families, however, there are those which are passive and those 
which are active. The latter are threshold devices in which a 
small amount of signal or control energy results in the trans­
lation of a relatively larger amount of stored energy into 
dynamic energy which consummates the change in state. As long 
as the control signal is below the inital threshold there is no 
response and any change is directly related to the control sig­
nal itself. When the signal exceeds the threshold the second 
state is assumed. Watch escapements, thyratrons, and the whole 
family of oscillators fall into this category. When such func­
tions are analyzed they are found to involve in one way or an­
other two states, which might be termed cutoff and saturation, 
separated by a region in which there is positive feedback with 
resultant negative resistance. Taking the proposition that a 
negative resistance characteristic is common to trigger or 
threshold switching circuits, the next step is to examine the 
transistor for such behavior and classify the properties. 

That the transistor* can exhibit negative resistance 
has been demonstrated analytically4 and experimentally. The re­
sistances seen looking into the emitter and collector of the 
transistor with grounded base are shown in Figs. 2A and 2B. 
Capital letters as R11 etc., refer to circuit parameters; lower 
cases to device parameters as re, rE; r11= rE + rb; r z 2 =re+ 
rh, etc. This nomenclature has been covered thoroughiy in the 
literature and will not be discussed further. See, for example, 
reference 4. 

Taking t he collector characteristic, Fig. 2B, for 
example, 

-------------------

+ R 
E 

( 1) 

* Discussion is limited primarily to point contact transitors 
with a's or current gains greater than unity. 

· 4 "Some Circuit Aspects of the Transistor", R. M. Ryder and 
R. J. Kircher, Bell Svst. Tech. Jl.~ vol. XXVIII, no.J, 
July, 1949, pp.367-400 
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Rincan be negative or positive depending upon the relative 
magnitudes of the two terms. Actually, of course, rm has a 
phase factor and so is frequency dependent. Frequencies where­
in rm is essentially resistive will be assumed. For negative 
resistance rr,1 must be large, RE small and rb not too small or 
augmented by external resistance. Negative resist&nce is thus 
predicted on a small signal basis. The large-signal behavior 
may be studied experimentally by adding sufficient resistance 
as R- to the first or positive term to ins~re stability. This 
is shown in Fig. 3 with the resultant characteristic. External 
base resistance Rb has been added. 

Fig. 3B, shows the pattern of cutoff and saturation, 
separated by a negative resistance. The negative resist&nce 
is obvious in the b region, c is equally obvious as a saturation 
wherein the current increases with very little chanve in volta~e. 
Region a as a cutoff is not so clearly obvious since the slope 
in finite. Thus it is a sort of "leaky" cutof f . 

An evaluation of the emitter input characteristic leads 
to similar results, using the circuit of Fig. 4A. Rb has been 
added here also. The general pattern is again present. Region 
a corresponds to cutoff, b to the negative resistance region 
and c to saturation. Here, however, the cutoff region more 
nearly approaches infinite slope. The emitter has diode proper­
ties so that when 1£ is made negative the emitter resistance is 
very high, as in a diode. This fact will be employed later on 
in the analysis where recognition is made of the non-linear 
nature of the emitter resistances. 

Both of the negative resistances discussed are of the 
so-called open-circuit stable type. lf loads are applied to 
the "in" terminals of Fig. 2 which are larger in mag nitude than 
the negative resistances, the circuits will be stable; that is, 
there will be singular operating points. This is shown in Fig. 
4B by the dotted lines marked, RE' , RE'' , RE'''. A load re­
sistance smaller in m3gnitude than the negative resistance may 
intersect the characteristic in three positions ~s shown by the 
load line RE. The load line RE can be made to ho ve sin~ular or 
multiple intersections by biasing properly as shown in Fig. 5, 
where the three possibilities are shown as R£, R~, R''. Singu­
lar intersection in the cutoff or ove rload revion , or multiple 
intersections result in accordance with the ch oice o f emitter 
bias, VEE, as shown. It can be shown th2t the intersect ion of 
load line RE with the characteristic at bas shown in FiF. 5 is 
unstable whereas those at a and c are stable. Transient analy­
sis aud experiment show also in the multi".>le intersection case 
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that es Vi:-~ is slowly increA sed ( decreased in absolute magnitude) 
the load line moves upward and that the assumed operating point 
a moves up along the cutoff portion of the characteristic. At 
the turning point shown on the current axis, the operating point 
suddenly flips to the saturation region, returning along the 
curve to c as VE£ is returned to the original value. 

A decrease in VE£ toward vrE moves the operating point 
at c downward along the characteristic until it "escapes" past 
the lower turning joint and flips to the cutoff portion, re­
turning to a as VEE is returned to the original value. This 
then is an elementary switching circuit, a bistable trigger cir­
cuit or "flip-flop". A positive emitter pulse will cause the 
circuit to flip to high current, a negative pulse to low cur­
rent. The polarities may be reversed or used in combination by 
application of the trigger to the base. Trigger sensitivities 
ace shown in Fig. 6. ~uch a circuit is often used for register 
or storage purposes. lt can store one bit of information for 
a potentially infinite period, be sampled for the presence of 
such information, and be cleared or restored to the orj~inal 
condition for reuse when the stored information is no longer 
useful. With the addition of suitable steering circuits it can 
be made to count by a scale of two. 

The addition of a canacitor to the circuit as in fig. 7 
leads to either monostable or astable operation. In Fig. 7A 
the normal operating point is stable at a as discussed pre­
viously by virtue of the bias VEE. As VEE is increased as by a 
trigf'er, the load line is moved up and over the turnin? point. 
i"lithout capacitor C in the circuit, the operatinp: point would 
move to b with the re sultErnt raDid chan!!e in voltage and cur-
rent. However, a capacitor has in effect voltage inertia; this 
is equivalent to saying that a cariacitor is a short circuit to 
a voltage change, the degree o f short-circuitedness beinr re-
lated to both the cap2,citance and the rate of change of voltc:E!e, 
both of which are assumed high. Thus at the turning point the 
capacitor effectively short circuits the emitter and the oper­
atinr; point moves along dotted line ( 1) to intersect the ch;:irac­
teristic. This point is quasi-stable as the capacitor dischar.e-es 
rapidly along line ( 2) to the second turning point where the 
emilter is again effectively short circuited and the operating 
point moves along ( 3) to intersect the cutoff portion of the 
characteristic. This point is again quasi-stable and the oper­
ating point moves slowly up to the initial or de stable oper­
point. A single trigr er thus causes a com~lete cycle of operating 
tion. The emitter current shifts rapidly to a high value of 
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current falls relatively slowly to an intermediate value, then 
shifts ~apidly to a small negative value and finally slowly 
returns to the original v;;lue. The emitter current and voltage 
are sketched in Fig. 8. It is a so-called "single-shot" cir­
cuit. 

This primitive behavior has the basic properties of 
several switching functions. It can be used as a regenerative 
amplifier to restore level and wave shape, as a delay and as a 
wave form generator. The emitter voltage (and base voltage) has 
a saw-toothed shape; design factors leading to linearity, etc., 
apply. The current wave has the shape of rectangular pulses 
without the desirable features of flat top and base. The base 
line may be flattened by taking the signal from the collector 
which follows the emitter except when the emitter is in the nega­
tive current region. The de stable point may be in the saturation 
region as in F'ig. 5 with suitably chosen positive emitter bias. 

When the load line and bias are chosen to result in 
intersection in the negative resistance portion, astable opera­
tion or continuous oscillation results. This mode is illustrated 
in Fig. 7C. Proper bias and R£ > I-Rini are required. There 
are at least two physical explanations of this mode of behavior. 
The operating point formed by the intersection of the load line 
on the negative resistance portion of the characteristic would 
normally be stable. However, the capacitor provides a virtual 
short circuit in parallel with R£ causing the path (1), (2), (3) 
(4) to be followed continuously. Another form of physical ex- ' 
planation of this relaxation oscillation, usually a~nlied to 
gas tubes, is that the capacitor C is charged slowly through R£ 
to a critical or breakdown value with a resultant discharge of 
the capacitor. When the capacitor ch~rge is dissipated, the dis­
charge can no longer be maintained due to the lR drop in R and 
the tube or device goes off and the capacitor is recharged: 

The above suggests a strong simularity to gas tube be­
havior and this is indeed so. In fact, the modes described above 
are common to all open-circuit stable devices; only the para­
meters involved are different. 

Since the collector characteristic shown in Fig. 3 is 
also open-circuit stable, the same sort of circuits can be con­
structed using this characteristic. Bistable monostable and 
astable circuits are shown in Fig. 9. ' 
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The resistances seen looking into the base are given 
in Fig. 10. These circuits are short-circuit stable. That is 
high v~lues of Rb result in instability. Bistable, monostable' 
and astable circuits can be constructed also, but use is made 
of an inductor instead of a capacitor. The reactance of the 
inductor affords a quasi-open circuit in the same manner as the 
capacitor afforded a quasi-short circuit in the previous cases. 
Circuits are shown in Fig. 11. 

These simple circuits by no means exhaust the switching 
circuit possibilities; they are often useful if required proper­
ties can be obtained. · A study and analysis of these basic cir­
cuits will involve a detailed understanding of transistor be­
havior which is necessary to understand more complex circuits in 
any event. 

II ANALYSIS AND DEVICE PROPERTIES 

In order to deal analytically with circuits and de­
vices it is necessary to have analytic expressions for the de­
vice characteristics. For small signal analysis this is rela­
tively easy. In large signal applications, as in switching, the 
situation is not so simple. The problems arise because of the 
high degree of non-linearity wherein the simplifying assumptions 
employed in small sig nal analysis are by no means valid. Further 
it is desirable to retain de terms in many cases. 

The method to be employed here is the so-called broken­
line method and involves breaking the characteristic into three 
regions corresponding to: I Cutoff, II Active, and III Saturation. 
It is assumed that linear relationships hold separately in each 
region with proper choice of parameters. This is illustrated in 
Fig. 12A in terms of a negative resistance characteristic and in 
Fig. 12B in terms of an idealized transistor output characteris­
tic (r22 • re + rb)" The assum~tion that the negative resis-
tance characteristic can be simulated by three straight lines is 
reasonably valid for gross considerations; for fine detail near 
the turning points it is by no means accurate although affording 
zero order information. 

The idealization of the transistor collector charac­
teristics does not depart too markedly from actual curves as 
may be seen by comparison to actual characteristics in Fig. 20. 
The saturation line in Fig. 12B is shown as common for all values 
of I£. This is factually not true, although in practice the 
several lines sensibly overlap. 
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The curves of Fig. 12B have the equation, accounting 
for the signs of le and Ic: 

( 2) 

where V c is the collector voltage and r22 .. r c + rb. Ico is a 
small de residual current and is usually of concern only when 
re is very high or when investigations are being carried out 
very near the origin. a is the current multiplication factor 
and IE is the emitter current. Since a• r21 

r22 

or, 

V c = IE ( rm + rb ) + ( I c - I co ) ( r c + rb ) ( 4 ) 

It remains then only to evaluate Equation 4 in each 
of the three regions. ln cutoff, Region I, there are no trans­
fer properties; hence r- is zero. In Region II, all parameters 
have normal values. InRegion III, saturation, rm and r are 
both zero. Hence, c 

Region I Ve = It rb + 

Region II Ve .. It(rm + 

Region III Ve "" IE rb + 

(Ie-Ico)(rc + rb) 

rb) + ( 1c-1co) ( re 

(Ie- 1co)rb 

+ rb) 

( 5) 

( 6) 

( 7) 

From (7) it is clear that the saturation curve slope 
shown in Fig. 12 is rb when I£ = O. 

The effect of load resistance Re can be introduced 
simply since 

Vee -IeRc • Ve 

where Vee is the supply voltage. 

Thus Equation 4 can be rewritten as: 
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(9) 

Equation (9) has the general form: 

(10) 

where V2 =Vee+ Ico(rc + rb + Re), I1 2 I£, I2 • le, and R
21 

and 
R22 are circuit parameters. 

The idealized emitter family is shown in Fig. 13 wherein 
the double valuedness of r£ is vividly illustrated. This comes 
about through the normal emitter diode non-linearity; that is 
when the emitter is positive with respect to the base, the emitter 
has low resistance and all the normal diode forward properties 
with I~> O. In the reverse direction the emitter has very high 
resistance of the order of 50,000 to 500,000 ohms. In terms 
of the usual e~uivalent tee, r 11 = r£ + rb. r£ is assumed to 
have two values, one for Regions II and III and one for Region I. 

The equation for this family of curves is: 

(11) 

or, 

(12) 

An emitter load may be introduced as with the collector 
family, 

or 

VE£ = IE(rE + rb +RE)+ le rb 

which is of the general. form 

Vl = I1R11 + I2R12 

where R11 and R12 are circuit parameters. 
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Sturu!!8ri zed in tabular form, the two two-terminal 
equations and parameter values for the three regions are shown 
in Table 1. Typical values for a point contact transistor are 
also given. 

Parameter 

rE 

rb 

re 

rm 

TABLE 1 

Ree:ion I Region II Region III 
Svmbol Tvoical Svmbol Tvoical Svmbol 'rvoical 

r' 
£ 

100,0000 rE 1300 rE 1300 

rb 1500 rb 1500 rb 1500 

re 1$,0000 re 18,0000 0 

0 rm 40,00CD 0 

Summary of terminal voltage and current relation­
ships with assumed approximations for the three 
regions of the broken-line method. 

In order to derive the negative resistance character­
istics of Figs. 3B, 4B and 11 it is only necessary to solve 
Equations 9 and 14 and substitute applicable parameter values 
from Table 1 for each region. 

Taking the emitter characteristic first, it is de­
sired to know VEE in terms of IE. 

VEE = IE (rE + r + R ) 
b E 

+ Icrb (14) 

Vee = IE(rb + rm) + Ic(rc + rb + Re) -
1co(rc + rb + Re) ( 9) 
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A great deal of manipulative effort is saved if we 
solve and manipulate the more functional forms of 9 and 14 
given by 10 and 15 as: 

V1 = I1R11 + I2R12 (15) 

V2 = I1R21 + I2R22 (10) 

where Vl "'VEE' V2 = Vcc-Ico(rc +Rb+ rb Re), Il = IE, I2 :a Ic, 

and generally: 

R21 = rb +Rb+ rm, R22 "" re 

Thus: 

V1 = l1(R11,. 

which becomes gen.erally, 

V = I (r 
EE E E 

-

+Re + rb + Rb 

R12 R21 
) + V2 R12 

R22 R22 

V -I (r + R + rb 
- CC CO C C 

(16) 

(17) 

Taking the simplest case as in Fig. 14 and assuming 
that Ic0<< Ic, Re: = 0 , Re ,. 0, r E and rb << Rb, ( 17) reduces to: 

VE =I r + 
Rb (Rb + rm)] VcRb 

Rb - + ( 18) E E r + r Rb C b re+ 

(1$) becomes for the three regions: 

Region I 
Rb VcRb 

VE .. Ie: r ' + Rb(l - + ( 19) 
E 

re + Rb re + Rb 
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If Rb <<r:, as is usual, 
' VcRb (20) VE = IErE + 

re + Rb 

Region 

II t Rb(Rb + rm) VcRb 

RJ VE - IE Rb 
+ (21) 

+ rE -
r + R r + 

C b C 

or 
Rb + rm 1T <:Rb 

VE ,_, IERb (l - ) + (22) r ~ Rb re + Rb C 

If Rb<< r 0 and rm, then (22) is approximately: 

VE = IERb(l-0) + 
VcRb 

( 23) 
re+ Rb 

Region 
III [ 

V R 
V .. IE rE + Rb. -

Rb(¾, )J C b (24) + E Rb Rb 

(25) 

Equations (20), (22) and (25) each contain two terms. 
The first concerns the input resistance; the second relates to 
de currents and voltages. Both terms are important, the first 
gives the slopes of the characteristic; the second determines 
the turning or trigger point voltages and currents. 

In Region I the input resistance is essentially that 
of the reverse resistance of the emitter, rE. Region II resis­
tance is negative with choice of parameters. The abosolute 
value is determined primarily by Rb and a, the current gain, as 
shown in (23). The trigger point formed by the intersection of 
the curves of Regions I and II is of great importance as it 
determines the trigger sensitivity. That is, with normally 
fixed biases, should the trigger point voltage given as VEx 
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vary, the trigger sensitivity will also very. To determine 
Vt. , 21 and 23 are solved simultaneously. The only solution 
.Poisible is that for IE. • 0. Thus, 

Ve Rb 
Ye.x • 

Rb+ re 
(26) 

That the turning point falls on the emitter current 
axis, i.e. IE x • 0, is a consequence of the original idealization 
which assumed ~hat rm .. 0 for IE < 0 and r > 0 for IE > O. 
This is not a precise assumption and the ~urning point will actu­
ally lie slightly in the positive emitter current region. For 
very small triggers, consirleration must be given to closer ap­
proximations of rm = f 1 ( I£ l and r 11 = f 2( IE). 

The consequences of (26) can be quite serious. Ve 
and R~ are of course fixed, but re is variable, both from unit 
to untt and with temperature, decreasing with ambients much 
above room temperatures. The variability of VEX can result in 
failure to trigger with signals or, at the other extreme, lock­
up at high current. This subject will be discussed later in 
terms of both device and circuit mitigation means. 

Equation 25 for Region III is quite interesting and 
reveals that the saturation current is limited by r€, the emitter 
resistance. Conse4uently saturation currents may be quite high 
under short circuit conditions; that is V~ 2 O. For example, 
suppose Vr. is -22 volts and using the typical parameters given 
in Table I, 

= - 22 s::::i -170 mA 
lJO 

Such currents are likely to damage the transistor and 
limiting means should normally be employed. The possibility of 
such currents may help explain sudden decease of both transis­
tors and meters sornet irnes reported. 

The high-current turning or trigger point is deter­
mined by a simultaneous solution of Equation (21) and (25) which 
leads to: 
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or, 
I ~ Ve Es~-.---Rb(l-a) 

Substituting (27) into 

VEs•Vc !i+ 
[ Rb 

(27) 

( 28) 

(25): 

(29) 

The current and voltage coordinates of the lower trig­
ger point as given by (28) and (29) are fairly fixed in terms 
of transistor parameters, varying only with a. It is interesting 
to note that the turning point will move along the Region-III 
curve, given by (25), since r £_ is fairly constant in Regions II 
and III. The locus of points ror I Eli and V e;s is thus along the 
characteristic for Region III. 

The ratio of VEs to Ve;x is ofteh of interest to esti­
mate voltage swings or perhaps as a design objective in some 
switching circuits. Thus from (29) and (26), 

VE s [ Rb ( 1-a) + rd ( Rb + r c) 
• 

Ve;x Rb 2 (1-a) 
(JO) 

If rE << Rb(l- ) then (JO) becomes: 

V Rb+ r 
~ • C (31) 
VE x Rb 

If Rb is very large, the ratio approaches unity with 
the implication of the existence of only two regions. This is 
equivalent to saying that the negative resistance becomes infinite 
over an infinitely short range. The proper choice of Rb in terms 
of (Jl) may well be a design problem where it is desired to have 
a high ratio of VE 5 to Ve;x, as in lockout circuits • 
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The collector negative resistance characteristic 
shown in Fig. 15 may be determined in like fashion, using Equa­
tions (14) and (9), but solving for Vee in terms of Ic. 

VEE= IE(r£ + rb + Rg) + IC rb (14) 

V = IE(rb + r) + I (r + rb + R) -
CC m C C C 

IC O ( r C + RC + rb ) (9) 

Adding Rb as before and neglecting the Ico term which 
may be arbitrarily subtracted from V cc! 

VEE(rb + Rb + rm) 

rE +RE+ rb + Rb ( 32) 

Taking the simplest case as before with RE• Re= 0, 
r << R , (Jl) becomes: 
b b 

V =Ir +Rb 
C C [ C 

The equations for the three regions in terms of the 
assumptions of Table 1 are: 

Region I 

le f c + Rb - RJ + 
Ve = 

Rb2 Vu Rb 

rJ + rg + Rb 

' 

(34) 

or since, re; >> Rb, 

V = 
C Ic(rc + Rb) ( 3 5) 
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or: 

Region II [ 

Ve• Iclc + Rb -

VEE(Rb + rm) 

rE + Rb 

Approximately, where rE << Rb, 

VE£(rm + Rb) 
V c • 1c [ re ( 1-a ) ] + Rb 

Region III 

V IR ( r£ ) + VEE Rb 
c= cb----

rE + Rb rE + Rb 

Approximately, where rE << Rb, 

(36) 

( 3 7 )_ 

(38) 

(39) 

(40) 

Equation (34) and its approximation, (J 5) show that 
in Region I, the slope is, to a very good order of approximation, 
given by re; + rb. re is v;;riable with temperature and between 
units and 1s therefore of concern. Equations ( 36) and ( 37) 
show the dependence of the negative resistance portion, Region II, 
upon the alpha characteristic. Negative resistance values will 
in general be higher than in the emitter characteristic. The 
saturation characteristic is quite similar to that of the emitter, 
the slope being the same and given by the emitter resistance. 
Comments relating to high currents apply here also. 

The turning or trigger points are determined in the 
same fashion. Solvin~ for Icx using Equations (35) and (37): 

'E£ 
1cx • ( 41) 

Rb 

and hence, 
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i 

i 

I 
I 

(42) 

A physical interpretation of (41) is that there will 
be no positive emitter current and hence no active properties 
until the negative emitter bias, Ve:e:, is overcome. With Ie: • o, 
this will occur just as Rb Ic .. Ve:-• It is to be appreciated 
that both lex and Vex will depart directly from the relations 
of (41) and l42) in accordance with the degree of departure of 
rm or a from a true discontinuity at Ie: • O. These two equa­
tions also show that with constant a, a reasonable zero order 
assumption, the locus of' the trigger point will be along a con­
stant current. line, I"X. The variat io1; in V cY will be due to the 
term in (42) involving re• Note that if Vte: i:s zero, that is, 
no emitter bias, both Vex and Icx will be zero. In short, the 
circuit will enter saturation immediately. 

The high-current trigger point is given by a solution 
of (36) and (39). Using the same approximations, 

(43) 

(44) 

The high- current point will be fairly constant since 
only re: and a are i nvolved. Bothe parameters are reasonably 
constant, particularly in this high current range. 

It is interesting to note the ratio of Vex to V , 
Equations (42) and (44), as was done before for the emitt~¥ 
values. 

If it is assumed that re:a << Rb(a-1) then (45) becomes, 
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Rb+ r 
C 

which is the same ratio obtained for the emitter characteristic 
case. 

The equations for the current-voltage relationships 
looking into the base, in terms of Fig. 16, are: 

(47) 

Vee• Ib(rE + Re: - rm) + Ic(re: + Re: + re+ Re - rm) 
(48) 

It is to be noted that IE .. - ( lb + Ic). Solving (47) 
and (48) for Vb in terms of lb: 

l 
( r E I- Re; ) ( r E + RE - rm ) 

+ re: + Re: - ----------- + 

(49) 

values 
Using the simplified circuit (Re= 0), the parameter 

for the three regions given in Table 1 and making the 

the approximations that Re:<< re, 

for the three regions become: 

Region I 

~

r crJ. J ♦ Vb• lb 
re+ re; 

IRe: I <<I!"c(l-a!J, the equations 

V r' 
CC E 

(50) 
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Region II 
Vb lb lrb + r£+R£7 

Vcc(R£+r£) 
= + 

L 1-a ' r ( 1-a) 
I C -I 

(51) 

Region III 
vb :a I br b + Vee (52) 

As mentioned previously the base characteristic is 
short-circuit stable in distinction to the emitter and collector 
characteristics which are open-circuit stable. It would have 
been more appropriate to solve the base circuit in terms of 
conductances rather than resistances. One result is that the 
negative resistctnce obtained in this connection is quite low in 
magnitude; the negative conductance is quite high, however. 

Solutions for the trigger or turning points are de­
termined as before by solving (50) and (51) for Vbx and Ibx 
and (51) and (52) for lbs and Vbs• Thus, approximately, 

Vee 
... - ( 53) 

re 

vbx"" o (54) 

(55) 

(56) 

As shown in Fig. 15, the low-current turning point lies 
on the voltage axis. This is similar to the emitter case but 
opposite in sense. The reasons are the same: the assumption 
that r = 0 for I£< 0 and rm> 0 for IE> O. Shifting of th7 
low-cu~rent trigger point along the voltage axis to change trig­
ger conditions is directly controlled by re as in the emitter 
case. 
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An example to illustrate the foregoing analysis is 
shown in Fig. 17. A circuit including a collector load resis­
tor has been chosen for more complete illustration. The heavy 
line is an experimental curve and the light line is the approxi­
mated broken-line characteristic. 

The low-current trigger point, VEx, IEx, is easily 
derived from the Region II calculation since I~x • 0. From (17) 
assuming Ico. 0 and using the small signal vaLues of Fig. 17, 

Ve • ~ l1,20 + 160 + 6.8k _ (160 + 6.Bk) (160 + 6.8k + 50kl J. 
I 19k + 2.2k + 160 + 6.Sk 
I,_ 

45(160 + 6.Bk) 
19k + 2.2k + 160 + 6.8k 

(57) 

All parameters have been included in order to illustrate the 
degree of approximation made in the analysis. VEx is given by 
(57) when lg z o; hence, 

v£x~ _ l.i.5(6.Bk) 
28k 

"'-10.9 volts ( 58) 

The calculated V = -10.9 corresponds quite well to 
the measured -11 volts. Tfi~ approximation was of course that 
rb << Rb. 

The first term of ( 57) is the slope of Region II and 
is given by: 

The calculated slope of Region II is -8900 ohms whereas the 
measured value is about -9200 ohms. Proper choice of operating 
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point for the measurement of small signal parameters, princi­
pally re and rm or n, yield these close checks. 

Using (17) again the equation for Region III is 

(59) 

or: 
Vb • IE _ri20 + (6.8k)(2.2kn _ 45 (6.8k) 

I 6.8k + 2.2k j 6.8k + 2.2k 

(60) 

Plotting (60) results in an error in the de value but 
quite good agreement in slope. If r is determined from the 
output saturation characteristic andbis added to Rb in (59) the 
check is surprisingly good. 

The Region I characteristic yields a perfect check 
due to the hir h value of rJ. The aoproximation given by (20) 
is quite good . 

The photo properties of transistor devices may be em­
ployed in switching also. That photo-diodes can be coupled to 
trigger circuits i s obvious and will not be discussed. The ex­
ample chosen is that of direct triggering of a trigger circuit 
by means of light . The photo diode is in simple essence just 
the collector portion of a transistor with the emitter replaced 
by light. Thus t here is only a collector family si~ce r,, and 
r 12 are zero. Neglecting I , the equation for the coll~etor 
family is: co 

(61) 

where k is the quantum efficiency and has the dimensions of 
amperes/Lumen and Lis the light in Lumens. The equation for an 
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output family where there are transfer properties due to both 
an emitter and to light is, accounting for signs and neglecting 
Ico' 

which is equivalent to: 

Ve, • 1E r21 + Ic r22 

where: 

(62) 

( 63) 

(64) 

Thus the photo effects may be introduced by replacing 
Ve with Ve' in the analysis of Section II and taking r 22 into 
proper account for each region. 

The emitter negative resistance characteristic as an 
example is shown on Fig. 22. The load line has been chosen to 
result in a stable operating point as at a. The voltage of point 
a in the simple circuit case is given by: 

V Rb cc 
VEX - --­

Rb+rc 
(26) 

Since V c = V r in the circuit of Fig. 22, an increment 
of light will incr~ase le and change VEx to VEx' as : 

and thus: 

V' e:x 
Rb+r 

C 

(65) 

(66) 

If the change in VEx exceeds the trigger sensitivity 
as is shown in Fig. 21, the upper trigger point will fall below 
the load line and hence the only stable point will be at b in 
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the saturation region. The point b will be maintained as the 
stable operating point as long as the light remains. Removal 
of the light will result in return to the normal operating 
point a. If RE< I-Rini triggering will result in lock-up in 
the saturation region, and would require either a reduction in 
light from a given nominal value or the use of an electrical 
trigger. Light may be employed to trigger astable circuits as 
well. 

From analysis of this sort it can be deduced that 
certain transistor characteristics must be controlled in a re­
producible manner and must be reasonably constant under oper­
ating conditions. r is of particular importance since it largely 
determines the low-cfirrent trigger point. In particular the 
collector resistance at IE • 0 is of concern. a is of importance 
both for gain and step properties at IE a O. Good saturation 
characteristics are also necessary. The reverse resistance of 
the emitter is an important factor which does not appear in 
small signal applications. 

The broken line method can thus lead to objective de­
vice design requirements and properly employed will reasonably 
predict circuit behavior. The analysis will be accurate to the 
degree to which the original idealized characteristics are ap­
proximated. Other idealizations are necessary where family 
characteristics are different from those employed here. Ex­
tended, it will predict fine detail to the degree to which device 
parameters are known and to which patience will permit. Transient 
behaviors and analysis have not been discussed and are needed 
for a more complete understanding. 

III DEVICE PROPERTIES 

The foregoing Section has brought out that all of the 
equivalent transistor parameters are of importance to switching 
applications. The collector resistance should be high; the 
emitter resistance low; a or r m high and incorporating a step 
characteristic, conveniently at IE = O. Although it has not 
yet been brought out too clearly, rb should be low. Reverse 
emitter resistance should be high. That all parameters should 
be constant with operating conditions and uniform from unit to 
unit goes virtually without saying. 
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The choice of parameters for measurement to define 
characteristics for large signal applications must be a subtle 
compromise between the almost infinite sets that could be de­
termined and those which are practical. Further it is desirable 
to measure the paramete~s involved under conditions which re­
sult in the most useful parameter values. For example, re is 
an important parameter. In most instances the parameter actually 
concerned is the de large-signal collector resistance at IE= 0 
and not the small-signal re at a mid-range operating point. If 
consideration is given to lea these two values will agree quite 
closely. A present compromise has been to measure the collector 
current at constant de collector voltage with IE = 0 and term 
this value rco• Thus le rco = Icrc-Icorc· The discrepancy 
between rco and re is not nearly so noticeable in point contact 
devices, where the two are nearly equal, as in junction devices 
where re may be many times higher than r ~0 at low voltages. 
rco and re are illustrated in Fig. 18. Fig. 1$ has been ex­
aggerated in order to bring out this point. The assumptions 
that re>> rb and hence r 22 ~ re are made. 

Since r 22 G re+ rb, the saturation line in Fig. 18 
affords a good measure of rb. Hence a voltage noted as Vc 1 in 
Fig. 18 has been chosen as a limit with constant Ic and sui'­
ficient IE to insure saturation. Vc1 is measured at IE = + 3 mA 
and le = 5. 5 mA. As a limit such a test assures a good satura­
tion characteristic. Small signal measurements of rb at a mid­
range operating point have also been made. 

A gross evaluation of a can be made from the above 
data, but it will be a lower value than actual and will not af­
ford a great deal of information concerning t~e nature of a as 
a step function. Therefore, and since alpha is relatively easy 
to measure, three small-signal tests have been presently em­
ployed. These are illustrated in Fig. 19 a

3 
is in the negative 

emitter current range and is a maximum limit intended to insure 
cutoff. a2 is in the low positive current range , is a minimum 
limit, and is intended to insure an a step function in conjunction 
with a_,. a1 is a minimum limit in the mid-range. 

The reverse emitter resistance, rl, is conveniently 
measured by a -IE maximum limit at a nominal negative emitter 
voltage. 

Small signal parameter values of r£ and rm are also 
measured at the same time as re and rb. 
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A typical family of characteristics for the open 
•circuit parameters, r 11 • rt.. + rb, r 12 = rb, r 21 •rm+ rb 
iand r 22 = r c + rb are given in Fig. 20. Distribution in para­
rmeter values are shown in Fig. 20. The unit-to-unit variations 
involved compare favorably to those expected in electron tubes. 

Transistor parameters are quite constant with tempera­
tures below room temperature to at least - 70°C. Above room 
temperatures some of the parameters are variable. rE and rb are 
fairly constant, changing very little to 70°C. re and rm decrease 
fairly rapidly, maintaining a ratio such that alpha rises slightly. 
r' and r change most rapidly and while both of these parameters 

E 90 
are of little consequence in small-signal applications, are quite 
important in switching. This is particularly true of rco which 
controls trigger or turning points of the negative resistance 
characteristic. 

Early transistors might exhibit a change in r 
O

at 
60°C of J to 1 or more from room temperature values. Tfie transis­
tors of which the data in Figs. 20 and 21 are typical have an 
rco temperature coefficient of about 3/4%/0 c. That is the room 
temperature value of rco might be reduced to 70% at 70°C. This 
implies a corresponding reduction in variation in trigger sensi­
tivity. 

Variation in characteristics will arise from self­
engendered heat, that is, dissipation. Transistors may be therm­
ally unstable under constant voltage conditions. Since the 
switching properties are exhibited under short circuit or constan~ 
voltage terminations thermal properties are of concern. The 
limitations involved are similar'to those of any positive feed­
back circuit. If the thermal loss through radiation and conduc­
tion exceeds the heat input, the system will be stable. The 
practical significance is to place limitations on dissipation 
and to employ designs which result in rapid heat loss. Other de­
sign criteria such as miniaturization may limit the latter. 

If perfect switching characteristics were obtainable 
dissipation would be of little consequence in switchinf. This 
is akin to saying that neither a short circuit nor an open cir­
cuit dissipates any ener~y. Fur~her the perfect device has 
zero transitional time and therefore involves no loss. The 
transistor has finite resistance both open and closed and a fin­
ite althourh rapid transition time. There is some advantage 
however. A constant dissipation curve shown as a dotted line 
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has been included in Fig. 18. Small-signal operation at mid­
range currents and voltages results in fairly low limitations 
on both current and vo~tage. ~he in~ersection with_the r 22 
cut-off line (IE• 0) is at fairly high voltage. Similarly, 
the intersection with the saturation curve is at high current. 
Thus for constant dissipation, approximately, 

{67) 

Depending upon the circuit the assumed dissipation 
limit may or may not be exceeded during the transitions. Should 
the limit be exceeded, and substantially so, there are normally 
no serious consequences due to the very rapid transitions and 
consequent low thermal energy generated. 

Transistors may not be able to tolerate excess dis­
sipation on this basis if the circuits are slow, that is with 
transitional times in excess of perhaps a few tenths of a micro­
second. Such conditions may arise, for example, if loads are 
inductive. In many such cases, shunting capacitor networks 
will often permit a rapid transition with consequent transfer of 
current to the inductive load. 

Practically, more dissipation can be tolerated in the 
saturated condition than in cutoff due to the high sensitivity 
of rco to temperature. rE and rb are much less sensitive to 
temperature and in any event any decrease is of advantage. De­
crease in rb and rE with dissipation may result in higher satura­
tion currents on a de basis than with transientso When full ac­
count is taken of the non-linearity of rE, the saturation currents 
may be surprisingly high. For example, currents of 100 mA at 2 
volts drop, emitter to collector, have been employed on a de 
basis. There may be hysteresis in such operation, however. That 
is, rco may be temporarily lowered on returning to a low dis­
sipation cutoff from a high dissipation saturation until a new 
thermal equilibrium is established. 

The frequency response of point contact transistors 
is sufficiently good to insure switching type operation with 
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rise times of the order of 0.1 to 0.01µ.S. Fall times are 
somewhat longer due to the hole storage effect. In regenera­
tive circuits operating speeds are faster than might be imagined 
from small-signal low frequency cutoffs. Reliable operation 
with rise times of 0.1µ.S are obtained with only nominal atten­
tion to frequency cutoff. 0.02µ.S requires a 10 Mc lower limit. 
Junction transistors are substantially slower. 

Accurate life estimates are difficult due to the 
rapid rate of development, the relative age of the transistor and 
the number of parameters involved. A given device is quite 
likely to be obsolete and forced to give way to an improved 
version before sufficient models can be obtained for life tests. 
A small quantity of transistors having properties similar to 
those of Fig. 20 and 21 have been operated for over 6000 hours 
with an indicated life of 30,000 hours. Other somewhat similar 
transistors with longer life histories have indicated lives of 
better than 70,000 hours. The pattern appears to be similar 
to that of electron tubes - an early failure and change rate 
followed by a very slow exponential rate. It is believed that 
life is extended by low power operation and is decreased by high 
temperature operation. 

The relatively high noise level of transistors does 
not appear to be a significant problem at present when considered 
in terms of automata. Systems employing switching type circuits 
in pulse communication will of course be concerned. It is mildly 
suggested that the non-concern for noise is largely a reflection 
of the ease with which high magnitudes of state changes are ob­
tained. With objective design toward low power and low operating 
levels, noise will undoubtedly set a lower limit as in small 
signal transmissiono 

The extreme resistance of the transistor to shock and 
vibration with a c onsequent absence of microphonism may in some 
applications, result in effective lower noise. Shocks in excess 
of 20,000G have resulted in no damage. No evidences of current 
modulation in excess of noise have been detected with vibrational 
forces of the order of lOOG at frequencies .s.s high as 1000 
cycles in tests on the transistor of Fig. 1. Transistors may be 
included in plastic embedded circuits without change of charac­
teristics. 
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FIG. l POINT-CONTACT "BEAD" TRANSISTOR 
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SOME SYSTEM APPLICATIONS OF TRANSISTOR AMPLIFIERS 

While use of vacuum tubes is small in the Bell System 

compared to use in radio and television business, concentrated 

use in limited space is only rivaled by the high concentrations 

of vacuum tubes found in present day computer equipment. More 

and more equipment has been miniaturized crowding ever increas­

ing numbers of circuits into the same office space. Our cir­

cuits have demanded greatly expanded use of vacuum tube func­

tions and the extensive use of miniature pentodes of the 6AK5 

type and double triodes of the 396A type has increased the 

crowding. Now a standard telephone office 19" relay rack may 

contain more than 500 tubes with more than a 1000 watts of 

heat to dissipate. Back-to-back use of these bays vitually 

doubles the tube and heat concentration. 

It is in this field of compacted vacuum tube use that 

the transistor has a particularly useful application . It is to 

be expected that more and more the transistor will help the heat 

problem. Perhaps off-setting this would be the ability to crowd 

even more transistors into a given space. An adding stimulus 

would also be given to their use in more varied circuit func­

tions because of their small size and permanence. 

Before discussion the ways in which transistors have 

been arranged in some of our experimental circuits, a descrip­

tion will be given of performance objectives in certain tele­

phone vacuum tube circuits. Typical of the circuit using the 
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miniature pentode is the VJ amplifier shown in Fig. 1. This 

amplifier represents an advance in the art of small telephone 

repeaters of which the Bell System has been quite proud. It 

was introduced in 1948 largely in the toll plant on trunks 

running between cities 20-200 miles apart. This amplifier, 

including transformers, tube, other components and mounting, 

occupies a space little larger than the vacuum tube in the 

prior amplifier replaced by the VJ. As a result some 600 

amplifiers can be mounted in a standard telephone bay that 

formerly would hold less than 1/10 that number of the earlier 

Vl amplifiers. Ten amplifiers plug into octal sockets in a 

l-J/4" mounting strip across the width of a 19" relay rack. 

Gain control and test points on the top surface eliminate the 

need for fields of space consuming test jacks normally used 

for maintenance purposes. A plug-in amplifier can he removed 

from its socket , i nserted in a test panel on the bay and re­

stored to opara t ing conditions by a test cord between the va­

cated socket and the test panel. 

The circuit schematic of the VJ amplifier is shown 

in Fig. 2. Transformers at input and output provide an ampli­

fier with 50-55 db non-regenerative gain. Circuit application 

requires input and output impedances held rather closely to 

600 ohms resistance over the speech transmission band from 200 

cycles to about 3500 cycles. Resistive terminations on the 

transformer provide the 600 ohm input impedance, but on the out­

put where none of the output power can be wast~d a combination 

of transformer and cathode feedback is used to provide the re-

quired impedance termination. 
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In Fig.) typical gain-frequency, load, and har­

monic distortion curves are plotted for the VJ amplifier. 

Aside from the low frequency end of the band, flatness with 

frequency is easily gotten within a few tenths of a db. The 

S111aller the transformers are made using finer and finer wire 

the higher the transmission band extends in frequency. Flat­

ness to 5 or 6 kc as shown was obtained without effort in 

that direction as the useful voice band required was not that 

high. On the low end d-c through the output transformer im­

paired the transformer and amplifier frequency characteristic. 

Such transmission would have been even more impaired without 

feedback including the output transformer in the mu path. 

Gain of 36 to 38 db and maximum output of about 200 

milliwatts (23 db above l milliwatt) are found necessary in 

the applications where this type of amplifier is most valu­

able. Feedback of 14 db or more db reduces second and third 

harmonic distortions to the levels shown. Because of the 

large numbers of these amplifiers in tandem in a speech chan­

nel of a telephone call, distortion must be at least as small 

as the magnitudes shown to prevent speech impairment . 

No transistor type exists that will reliably provide 

the 50-55 db non-regenerative gain of the VJ amplifier. In 

the NPN transistor nearest meeting the gain requirements, 

maximum output power is about 10 db short of the 200 mw out­

put desired. The point contact transistor gain of 17 or 18 
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db is of little interest in getting a 50 db gain amplifier. 

The three stages required would need to be transformer 

coupled to provide the full gain. The circuit complexity 

of such an amplifier would make it quite unattractive com­

pared to the VJ vacuum tube amplifier. In output power a 

point contact type with radiating fins for cooling has come 

closest to meeting the VJ 200 milliwatt output requirement. 

Fig. 4 is a photograph of a two stage point con­

tact transistor amplifier. The output stage transistor is 

provided with cooling fins which allow a maximum collector 

diseipation of about 400 mw, about four times that of the 

regular point contact 1729 type. Although most of the in­

active components, the condensers, resistances, and inter­

stage transformers have been reduced to sizes comparable with 

the transistors, the output transformer is about half the vol­

ume of the ent ire amplifier. This large size results from the 

requirement that in this circuit the transformer be capable of 

carrying the d=c collector current of the output stage. Means 

for avoiding this d-c current requirement to allow a reduction 

in transformer size will be discussed later. 

Fig. 5 shows the circuit configuration used in the 

two stage point contact transistor amplifier. The circuit is 

essentially a straightforward application of grounded base 

techniques, the operating points of the transistors being 

controlled by constant emitter current supplied from +130 
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volt battery. Other circuit configurations were tried in which 

the self-bias for the emitter was derived by adding resistance 

in the base lead. The main advantage of such a circuit would 

be, of course, the need of only a single battery supply. It 

was found that the positive feedback caused by the base resis­

tance reduced the staoility of the operating point. Variation 

from unit to unit and with temperature and operating voltages 

were annoyingly large. 

As the first stage collector current was 10\·/, this 

transistor was resistance shunt fed, thus keeping d-c from 

the interstage transformer and resulting in a large reduction 

in its size. The input and interst~ge tr6nsformer ratios 

were chosen as a compromise bet~een the maximum g2in of imped­

ance matching and the minimum distortion and low gain of con­

stant emitter current drive. The output transformer impedance 

was determined by the optimum load line for the transistor 

used. 

All condensers are of the new miniature tantalum 

type. The 8V d-c maximum limit on the 25 rnf erriitter circuit 

condensers made it necessary to provide the safety resistances 

from emitter to ground. Thus, in the event a trctnsistor were 

removed from its socket while bias voltag e was supplied to the 

amplifier, only a part of the battery volta f e would appear 

across the condenser instead of the full +130 volts. 

The total battery power required for the transistor 

amplifier of Fig. 5 is about 1.33 watts, about 2/3 that required 

- 340 -



for the VJ vacuum tube amplifier. A more marked reduction 

in power might have been obtained, however, if we had not 

restricted ourselves to the use of standard telephone of­

fice battery supplies. 

The performance characteristics for this two stage 

point contact transistor amplifier are shown by the curves 

of Fig. 6. Here it can be seen that the maximum output power 

of this amplifier is short by l to 2 db of the power of the 

VJ amplifier. The harmonic distortion curves show a more 

marked difference, however. At +16 dbm the second harmonic 

distortion is only 25 db below the fundamental where at the 

same point on the VJ, second harmonic distortion is 35 db 

below fundamental . The third harmonic distortion is degraded 

similarly. The over-all gain of the amplifier is about JO 

db, 6 db short of the VJ. A few transistors have been test­

ed, however~ that give an over-all gain of about 35 db in this 

amplifier. The frequency characteristic curve shows that, 

although the response at the high end of the voice band is 

satisfactory, the drop off at the low end due to the outi:ut 

transformer characteristic would not be acceptable in tele­

phone speech channel use. The lack of adequate non-regen­

erative gain prevents us from applying feedback to this 

amplifier to improve both this frequency characteristic 

and the harmonic distortion products. The conclusion was 

that an additional transistor gain stage would be required 

to meet the desired performance characteristics. 

The development of the NPN transistor offered new 
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possibilities for voice frequency amplifier design. Although 

these transistor units were somewhat limited in availability 

in the early stage of development, a fairly large number of 

NPN junction units were obtained as by product rejects in con­

structing high quality units. These units were rejected for 

low alpha characteristics, the alpha being about .8 as com­

pared with the desired value of .95 or greater. Preliminary 

work with a two stage amplifier of these low alpha units 

showed some interesting results. A model of such an ampli­

fier is shown in Fig. 7. This amplifier was constructed of 

miniature components and assembled using printed wiring 

techniques. Its size is shown compared to the size of the 

408A vacuum tube of the V3 amplifier. 

It should be understood that at the outset it was 

realized that the available NPN transistors were not capable 

of Class A power outputs equivalent to the VJ amplifier, 

these units being limited to a maximum dissipation of 50 

mw. It was believed, however, that higher output perform­

ance might be extrapolated from the initial performance 

characteristics derived from the lower power amplifier. 

It is expected that such higher power units will be con­

structed soon, perhaps using cooling fins. 

The circuit of the two stage NPN amplifier is shown 

in 1 ig. 8. Each stage is connected in grounded emitter con­

figuration for audio frequency and biased in a grounded base 
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configuration for d-c. This type of biasing holds a constant 

emitter current in contrast to other systems which control 

bias by maintaining a constant base current. By this means 

a more constant collector operating point is held, an import­

ant feature in an amplifier operating at close to 50% effic­

iency. A more detailed discussion of biasing will be given 

in a later section. 

The output stage collector in Fig. 8 is resistance 

shunt fed, permitting use of a sub-miniature transformer for 

transistor to line impedance matching. This was done, how­

ever, at the expense of a considerable reduction in overall 

battery efficiency and an output shunt power loss of about 

l.l db. This loss in battery efficiency is evidenced by the 

fact that, although the amplifier power output is over 10 db 

less than the V3, i t s battery power input is only 1/4 or 

about 6 db lesso It should be pointed out, however, that 

the output t ransist or itself is operating at remarkably high 

efficiency . I n t his circuit it is biased at an operating 

point of 22 o 5 volts at 2.2 ma, or at 50 mw. The maximum 

sine-wave output is +11.1 dbm (db above 1 mw). Including 

the output transformer loss of 1.6 db and the shunt loss 

of 1.1 db, the transistor is delivering +lJ.8 dbm, only 

0.2 db short of the theoretical maximum of 50% Class A ef­

ficiency, or +14 dbm. 
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The non-regenerative gain of the two stage NPN 

amplifier is about 55 db. This gain gives at least 15 db 

of negative feedback while still meeting regenerative gain 

requirements. Feedback was added in the form of local ser­

ies feedback by use of unby-passed emitter resistance and 

in the form of overall shunt feedback by the coupling of 

the output collector to the input base. 

A detailed study of theµ~ characteristics of this 

amplifier has not yet been made but it is expected that such 

an analysis would be made in the same manner as with multiple 

stage vacuum tube circuits. The general performance charac­

teristics of the amplifier are shown on Fig. 9 . Here it is 

seen that the maximum square wave output is +13 dbm. Al­

though this is 10 db less than that of the VJ, it should be 

noted that the second harmonic distortion is down 3 5 db at 

+10 dbm, only 3 db back from maximum output . This distor­

tion figure compares with a similar point on the VJ perform­

ance characteristic at +16 dbm, or 7 db back from maximum 

output. It should be understood that the output perform­

ance of this NPN amplifier holds only when the operating 

point is maintained. Any large deviation from this operat­

ing point by a variation in the bias would appreciably re­

duce the maximum output. 

The 40 db of gain in the two stage NPN amplifier 

is constant within a few tenths of a db over the range of 
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temperature encountered in the laboratory. No extensive tem­

perature stability tests have yet been made, however. The fre­

quency response is flat over the voice frequency band, extend­

ing well beyond the high end of the audio range. 

Some investigation of a single stage amplifier using 

an NPN junction with an alpha greater than .95 was made using 

the circuit given in Fig. 10. The transistor was operated 

from a single battery source. The means for biasing for 

single battery operation will be discussed in a later sec­

tion. Measurements were made with collector current fed 

through the outpu~ transformer. The transistor was biased 

at an op~rating point of 25 volts at 2 ma, or 50 mw dissipa­

tion. The remaining 150 mw of battery Eower is used in the 

emitter bias resistance and in the voltage divider for base 

voltage. Some di f ficulty was experienced in determining the 

optimum ratio fo r the input transformer. Large changes of 

input impeoanc e wer e experienced with changes in temperature, 

the impedance being in the order of a few thousand ohms for 

the unit at room temperature and increasing to about S0,000 

ohms with increase of temperature due to internal dissipation. 

A transforwer ratio of 600 to 20,000 ohms was chosen and all 

measurements were made on the amplifier after a warm-up time 

of about 20 minutes. 

The results of performance tests on this single 

stage NP~ circuit are shown in Fig. 11. As with the previous 
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amplifier the output power was limited by the maximum allow­

able dissipation on the unit of 50 mw. '.l'he non-regenerative 

gain was about 38 db but showed a tendency to drift up or 

aown about 2 to 3 db from this value. This drift was prob­

ably due to slow changes in input impedance. The harmonic 

distortion was observed to be quite high, indicating that 

feedback woula be needed to meet our requirements. The poor 

frequency response at the low end is due primarily to the 

fact that the 4 mf of by-pass condenser on the emitter bias 

resistance was not sufficient. Increasing the value of this 

conaenser woula improve the low end response to a character­

istic limited by the output transformer. Feedback would be 

still required to overcome this liml.tation. 

Although tests on the single stage NPN amplifier 

were made on only one transistor, others not being available 

at the time, it is felt that these observations show the im­

probability of making a single stage amplifier with ail of 

the desired characteristics of the V: amplifier even with 

high B units. It is fundamental that the higher the gain 

due to the increasing value of .h, the higher will be the J.-a. 
large signal harmonic distortion due to small a curvature. 

It appears, therefore, that with sufficient feedback to re­

duce distortion a maximum regenerative large signal gain 

would be about 10 db short of requirements. As with the 

lower a units a two stage amplifier could be used. A 
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possible advantage of the higher~ units in such an amplifier 

would be direct coupling rather than transformer coupling of 

the interstage. 

The use of the grounaed base connection was inves• 

tigatea but dropped in favor of the higher gain grounded emit­

ter configuration. For high alpha units where the current gain 

in a grounded base circuit is essentially unity, the power gain 

must be obtained entirely from the output to input impedance 

ratio. For maximum power output for a reasonable operating 

point of 25 volts at 2 ma the optimum output impedance is about 

12,000 ohms. For acceptable distortion a minimum generator in• 

put impedance is not less than 600 ohms. This represents a maxi­

mum power gain of 13 db . A regenerated gain of at least 20 db 

can be expected f r om a grounded emitter stage, even with low B 

units. 

It can bs appreciated that optimum large signal per­

formance with a fixed load can be attained only by the maintain• 

ing of constant operating point. Where the operating voltage is 

helQ constant by t ransformer or choke feed a large increase in 

collector current coula aangerously increase the d.iesipation of 

the unit; a decrease would reduce the available power output. 

For resistance coupled circuits, variation in collector current 

aegraaes the performance even greater as the current change is 

accompanied with an operating voltage change. 
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In the preliminary work with grounded emitter ~PN 

junction circuits for small signal, low power application, 

three methods of biasing were proposed(l) as shown in Fig. 12. 

These methods were based on maintaining a constant base current 

of some value, the amount and direction depending on the oper­

ating region. For our \\Ork at maximum dissipation, these sys­

tems were not satisfactory, allowing large changes in collector 

current from unit to unit. Similar changes occurred in indi­

vidual transistor units with operating temperature variation. 

Such changes from unit to unit appear to be due to the varia­

tion of u and Ico· The collector current change due to temper­

ature in individual units is caused by the variation of I 00 

with temperature. 

The reasons for changes due to Ice variation in 

grounded emitter NPN constant base current operation may 

best be seen qualitatively from the NPN static character­

istics shown in Fig. 12. Although these characteristics are 

not strictly correct, the re slope being exaggerated for 

reasons of clarity, an exact examination of a more accur-

ate set of curves would show the same results. An u of 

.9 and re equal to 200K have been assumed. The solid line 

characteristics are curves of constant emitter current plotted 

- - - - - - - - - - - - - - - - - - - - -
(l) Wallace and Pietenpol - BSTJ - July, 1951 
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for collector voltage vs. collector current and their slopes 

represent the re of the transistor. The slopes in the oper­

ating region are constant for all values of emitter current, 

an ideal condition for an essentially constant value of ci. 

The collector current for any particular value of collector 

voltage for zero emitter current is called the Ico• It is 

this current which varies due to temperature changes in the 

transis-tor unit. To see how the Ico change would effect the 

operating point for constant base current bias a new set of 

characteristics is drawn in Fig. 12, a set of constant base 

current lines. These lines are derived using the fundament­

al criterion that the algebraic sum of base, emitter, and 

collector currents must equal zero. The first is a simple 

one, a curve through those points at which the emitter cur­

rent and collector current are equal; this is shown by the 

dotted line Ib = Oo Another is shown as a curve through 

points in which the emitter current is 100 µa less than the 

collector current, represented by Ib 2 +100 µa. The other 

Ib curves can be plotted in the same manner. 

If in constant base current operation a desired 

operating point of 20 volts at 1 ma is assumed it is read­

ily seen from Fig . 12 that a base current Ib = 0 is required. 

At this voltage the Ico is equal to 100 µ.a. Assume now a 

temperature increase causes a change in Ico from 100 µa to 

200 µa. The entire family of IE curves moves 100 µa to 
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the right, the Ic • 2 ma curve passing through Ic • 2 ma 

instead of Ic • 1.9 ma at 20 volts. A new family of con­

stant Ib curves would result, the Ib • 0 curve passing through 

le• 2 ma instead of Ic • l ma. The result is, of course, that 

the operating point has changed from 20 volts at l ma to 20 

volts at 2 ma. '!'his assumes constant voltage was maintained 

by transformer or choke feed. Had resistance shunt feed been 

used, a corresponding reduction of operating voltage would 

have resulted with a shift along the d-c :oad line. 

The formulae associated with each of the biasing 

figures on Fig. 12 show quantitatively the Ic variation with 

Ico. In the first case where Ib • O, Ic varies directly 

with Ico• In the second ana third cases, where Ibis likely 

to be about the same or less than Ico• the variation in Ico 

still has a large effect on Ic• It should be understood that 

changes in Ico of as much as 10 to 1 may be met in the oper­

ational temperature range. 

In Fig. 13 biasing methods are shown in which close 

control of collector current is maintained for wide changes 

in Ico with temperature and from unit to unit. In the first 

arrangement in Fig. 13 the system for biasing for NPN grounded 

base operation is shown(l), this method being similar to the 

biasing of point contact transistors. If the voltage between 

- - - - - - - - - - -
(1) Wallace and Pietenpol - BSTJ - July, 195~ 
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emitter and base is small compared with the emitter bias bat­

tery a constant emitter current through the emitter resistance 

R is maintained. For collector operation currents in the or­

der of 1 to 2 ma the term a Ie: as shown in the formula is very 

much larger than Ico (10 to 100 µa). Therefore a large change 

in I will have very little effect on the collector current, co 
and thus a constant operating point can be maintained. A 

method of biasing for grounded-emitter operation is shown in 

Fig. 13. In ef f ect the NPN transistor is connected ground base 

for d-c, and grounded emitter for a-c. The same control of a 

constant operating point is maintained. From this figure it c~n 

be seen that the emitter current tends to be self-regulating. 

If Ie: tends to increase over the value of E1 the emitter voltage 
1f 

becomes more positive with respect to the base, tending to re-

duce the current flow into the base. This change in turn tends 

to reduce to emitter current by the relationship L le: = 

~ 6 Ib. Thus, whether a negative, positive or zero tase 
1-a 
current is required, the emitter current is held essentially 

constant. 

The third circuit in Fig. 13 shows a method for bias­

ing in which a single battery is used. If the base current is 

small compared with the current in the divider R2 and R3, the 

base voltage is held constant by the divider at a value 
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R2 
Ebase ~ E ---­

R2 + R3 
• This voltage tends to drive a base current 

and hence an emitter current until the base and emitter voltage 

are almost equal. At this point the emitter current is deter-
Ebase 

mined by lg• Rl 

cuits of Fig. 13 the 

• E R2 As with the other cir• 
R1 (Rz + R3) • 

emitter current is held constant, the result 

being that the collector operating point is only slightly depend­

ent on the temperature or unit to unit variation of Ico• 

Fig. 14 shows in pictoris.l form the comparison of con­

stant I 0 and constant I£ methods of biasing. Here collector cur­

rent is shown as a function of Ico• A constant for a of .97 was 

used. For higher values of a the difference is more marked in 

the two methods of biasing. 

In a previous discussion of the two stage point con­

tact transistor amplifier, it was observed that the output trans­

former carrying the d-c collector current was not commensurate 

in size with the other amplifier components. Although these 

other components have been reduced in size to as much as 1/10 

their equivalents in the VJ repeater the size of the output 

transformer would limit the overall reduction in size of a 

transistor amplifier to only one-half the VJ. With present 

core materials for voice frequency transformers, further re­

ductions in size can be attained only by a sacrifice of per­

formance with a degradation of low frequency response and an 

increase in mid-band loss or by the elimination of the d-c 

component by circuit means. As the performance requirements 

for these transformers have already been reduced to a minimum, 
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the only alternative for Class A operation is to investigate 

other means for collector current feed. In Fig. 15 two such 

alternatives are shown. The first is the standard resistance 

shunt feed commonly used in resistance coupled amplifier cir­

cuits. '!'hough quite simple from the equipment standpoint, this 

method greatly reduces the overall operating efficiency. On 

Fig, 15 a curve is shown for the theoretical maximum amplifier 

efficiency versus the shunt loss to audio output of the col­

lector feed resistance, this loss being a function of the ratio 

of output load impedance to the shunt feed resistance. The max­

imum efficiency is about 8.5% with a shunt loss for the a-c out­

put of 2.3 db. This point corresponds to a load to shunt-feed 

resistance ratio of ✓~/2. Where a-c power output is limited by 

maximum transistor dissipation, it is important to keep this 

shunt power loss to a minimum. This loss may be reduced at the 

expense of a further loss in efficiency, In an effort to reduce 

the size of an amplifier commensurate with the translstor, it is 

apparent that the loss in efficiency has increased power input 

and hence greatly increased dissipation per unit volume. 

A second method of collector current feed is shown 

on the lower left of Fig. 15, In this arrangement an addi­

tional NPN transistor is connected from the battery supply to 

the collector of the amplifying transistor. This additional 

transistor is biased in such a way that its emitter to collector 
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d-c voltage is equal to half the supply battery, the remaining 

half of the battery voltage appearing across the active tran­

sistor. Because of the condenser coupling from emitter to base 

the shunt feed transistor is held at constant current for a-c. 

In effect, this transistor presents a low impedance for the d-c 

supply and very high impedance shunt to the audio frequency 

load. With practically no loss to the output power but half 

the battery power being dissipated in the extra transistor, a 

maximum theoretical efficiency of 25% is possible. 

The transformer coupled circuit is shown on Fig. 15 

for comparison. For an NP~ transistor biased at the proper 

operating point, a maximum Class A efficiency of almost 50% 

is possible. An alternative to the transformer feed would, 

of course, be choke feed. No improvement in size muld be 

attained, however, as the added volume of a non-saturable 

choke would be equal to or greater than the volume reduction 

of the transformer. 

A possible means for avoiding the conflict between 

power dissipation and size would be some form of push-pull 

operation. By use of the duality principle, Mr. Raisbeck 

has shown that optimum push-pull Class B performance on point 

contact transistors is attained by constant collector current 

operation. As constant current power supplies are not avail­

able in the telephone office, this method of operation does 

not seem practical for our use. The characteristics of NPN 
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junction transistors, however, appear to be highly suitable 

to constant voltage operation. In addition, the matching of 

pairs of NPN transistors by production control or selection 

and the eApected inherent stability of their characteriati~s 

with little aging may avoid the usual unbalance problems met 

in push-pull vacuum tube ci~cuits. 

Two possible circuit arrangements of push-pull NPN 

transistors are shown in Fig. 16. In the first, each tran­

sistor is biased by constant emitter current control. Al­

though a two battery arrangement is shown, the single battery 

arrangement previously described would be satisfactory. By 

proper adjustment of bias conditions and load line for Class A 

operation, a maximum power output of almost 50 mw or half the 

total allowable dissipation of the two transistors could be 

attained. If the two transistor collector currents are well 

balanced, a center tapped transformer of the sub-miniature 

size could be used. In telephone speech trans~ission, where 

maximum power is required only at syllabic rates, a.'1 adjust­

ment of the load and bias for Class AB operation might im­

prove the overload characteristics of such an amplifier. 

Under this condition the storage of the emitter by-pass 

condensers must be sufficient to maintain the quiescent oper­

ating point as rectification takes place when the maximum 

Class A signal is exceeded. 
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The second circuit in Fig. 16 is a possible arrange­

ment for Class B operation. The transistors are biased at al­

most zero current with full battery voltage. The desirability 

of such _an arrangement is, of course, that practically no power 

would be required during the idle condition anct that maximum 

office battery load would occur only at speech syllabic rates. 

For the circuits described above, an additional driver 

stage, not shown in the figures, would be needed t o give the 

required non-regenerative gain. The reduction in size and power 

arain of such a transistor amplifier would make this type of 

circuit attractive, although the amplifier would require a 

totai of three transistors to replace the single tube of the 

VJ. 

Fig. 17 is a picture of the type of components used 

in voice frequency amplifiers ana their comparison in size 

with transistors. From left to right components are as fol­

lows: 

1. 4J7C condenser 2-2 µf, 200V (used in voice 

frequency telephone repeater). 

2. Miniature output transformer, 10 ma ct-c. 

J. Hearing-aid output transformer, 2 ma d-c. 

4. 1 µf, 150V paper condenser (VJ repeater). 

5. 408A vacuum tube ana socket (VJ repeater). 

6. 1 µf, 150V tantalum condenser. 
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7. 1763 transistor anct socKet; point contact, power type. 

$. Sub-miniature output or interstage transformer, 50 µa 

d.-c. 

9. 4 µf, 60V tantalum condenser. 

10. Sub-miniature interstage transformer, 0 d-c. 

11. 1729 transistor, point contact type. 

12. 1/2 watt Allen Bradley resistance. 

13. Miniature turret type terminal. 

14. NPN junction transistor. 

15. 1/4 watt carbon resistance. 

One contrast becomes obvious when examining this 

photograph. This is the comparison in size of the miniature 

turret terminal, commonly used in equipment design for the 

mounting of pigtail apparatus components, ana the NPN tran­

sistor. From this it is apparent that, in the design of new 

miniature equipment using transistors, new production methods 

will be necessary probably including printed wiring and cir­

cuit packaging techniques. 

Circuits for a single tuned ana a double tuned. 22 me 

IF amplifier using point contact transistors are shown in Figs. 

18 and 19, respectively. The performances are given in the as­

sociated. curves. In each case the external collector induct­

ances are resonated with the internal ana stray collector to 

base capacity. Over-coupling in the double-tuned circuit pro­

duces the double humped characteristic. 
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A NEW HIGH-EFFICIENCY LINEAR AMPLIFIER USING 

A TRANSISTOR AND A VACUUM TUBE 

A new linear amplifier is derived from 
the Doherty amplifier by transforming part of 
the circuit according to the duality principles ex­
plained by Wallace. The new circuit preserves many 
of the features of the Doherty amplifier, including 
linearity and high efficiency. A modulator designed 
according to the same principles is also described. 

In 1936 W. H. Doherty described1 a high efficiency 
linear amplifier. Doher~y's amplifier uses two tubes in an 
unbalanced circuit, and attains high efriciency as an amplifier 
for modulated waves because during small-signal conditions one 
tube is operating as a class B amplifier delivering maximum 
voltage to the load and the other tube is almost not conducting 
at all. Further increase in power output is attained very 
ingeniously by operating the second tube as a class C amplifier 
in such a way that it lowers the effective load seen by the 
first tube. In this way the first tube may double its power 
output while always maintaining high class B efficiency. The 
second tube, which operates as a class C amplifier, always has 
a reason~bly high efficiency. Doherty shows both theoretically 
and experimentally that his amplifier can h&ve a no-signal 
efficiency around sixty-three per cent, and that the efficiency 
for modulated waves is nearly equal to this for all degrees of 
modulation. 

The most striking feature of the Doherty amplifier is 
a pair of impedance inverting networks. These have the property 
that the impedance seen at one pair of terminals is the reciprocal, 
apart from a constant factor, of the impedance connected to the 
other two terminals. In other words, an impedc:..nce inverting net­
work is a four-pole whose input impedance is the dual of the 
impedc:nce seen by the other two terminals. In vieH of the work2 
done by Wallace and Raisbeck on duality and the transistor, it 
wight be suspected that these networks could be eliminated from 

1. 

2. 

- - - - - - - - - - - - - - -
"A New High-Efficiency Power Amplifier for Modulated Waves, 
W. H. Doherty, Proc. IRE, Sept. 1936 
"Duality as a Guicie to Transistor Circuit Design H. L. Wallace 
and G. Raisbeck, B.S.T.J., XXX, 381 (1951) , 
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1 
the circuit if one of the tubes were replaced by a transistor. 
This proves in fact to be the case. 

Figure 1 shows the output circuit of a Doherty amplifier. 
It is seen that in this circuit the inverting network transforms 
the impedance of the plate circuit of a vacuum tube. Using 
~llace's duality methods it is easy to find a circuit containing 
a transistor whose impedance is the dual of the impedance which 
is connected to the inverting network. If this is done, the 
inverting network can be eliminated, and the result is the circuit 
of Figure 2. This is the fundamental circuit of the new linear 
amplifier. 

At this point all that remoins is to complete the 
input circuit and add power supplies. The inverting network in 
the input circuit of Doherty' s amplifier disappears also, for its 
only function was to introduce a phase change to compensate for 
the phase change in the other impedance inverting network. A 
possible circuit is shown in Figure 3. 

Altern~tively, we can t~ke the form of the Doherty 
amplifier in which the two inverting networks are in the input 
and output circuits of the same tube. Then we can simultaneously 
perform on both the input and output circuits the process illus­
trated in Figure l for the output circuit alone. The result is 
the same as before. 

A simplified explanation of the action of the new 
amplifier is as follows. The vacuum tube is biased at cutoff, 
so that it will oper~te as a linear amplifier. The transistor 
is biased with a large emitter current, so that for small carrier 
amplitudes the collector impedance is nearly zero. The two tanks 
are tuned to the carrier frequency. T? therefore presents a very 
low impedance, and for small signals tne circuit is equivalent to 
the circuit of Figure 4. This is an ordinary linear amplifier. 
As the carrier amplitude increases, the alternating plate voltage 
increases until 1'inally it approaches a maximum. At this point, 
the transistor begins to amplify, and its phase is such thctt it 
acts like a negative resistance in the load circuit as in Figure 5. 
Under these conditions the tube delivers more power without in­
creasing its alternating plate voltage, and the transistor, 
behaving like a negative resistance, also delivers power. When 
the carrier voltage reaches its maximum, the negative resistance 
presented by the transistor is numerically half the load resistance, 
and the power delivered to the load is four times the maximum 
power which it can draw from the tube alone. This power is 
supplied half by the tube and half by the transistor. 

Figure 6 shows an experimental model using a CK5703 
sub-miniature triode and a type A transistor. The input circuits 
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use resistive networks and capacitive coupling instead of trans­
formers in order to ;Jermit easy adjustments of relative input 
amplitudes and biases. The transistor is operated with one power 
supply simply by letting the collector current _equal the emitter 
current. For many transistors this is a satisfactory point of 
operation for class C amplification. Figure 7 shows the relation 
of output voltage and efficiency to input voltage for the amplifier 
of Figure 6. It is clear that the lineE:rity of the amplifier is 
not perfect, and that the maximum efficiency falls somewh&t short 
of the sixty-three or more per cent predicted by Doherty. As for 
the linearity, this can be corrected by feedback, as Doherty has 
already suggested; and as for the efficiericy, this is excused by 
saying that the voltage used is far too low to attain maximum 
efficiency with the particular tube used, and that in practice 
transistors have not attained quite the efficiency which is attained 
in the best class C amplifiers using vacuum tubes. 

If one proceeds along the ideas of Reise and Skene3, 
one can derive a circuit for a modulator. This bears the s&me 
relation to the new linear amplifier that the standard grid 
modulated class C amplifier bears to the standard one tube 
linear amplifier. A possible circuit is shown in Figure S. The 
carrier and audio signals are now introduced separately, but each 
appears on both grids. The biases are arranged so that on the 
lower part of the modulation cycle the tr&nsistor is a short 
circuit and the tube behaves like a conventional grid modulated 
amplifier, while on the upper half of the modulation cycle the 
transistor.operates as a negative resistance in series with the 
load, very much as in the linear ampli~ier. The chief difference 
between the two is that in the linear amplifier the positive peaks 
of the carrier input are raised by raising the carrier amplitude, 
while in the moaulator they are raised by momentarily changing 
the bias of grid or emitter, as the case may be. 

In both the amplifier and the modulator, the peak power 
delivered by the tr~nsistor equals the peak power delivered by 
the vacuum tube. This does not mean, however, that the average 
powers delivered by the two are comparable. If the modulation 
envelope is sinusoidal and the per cent modulation is 100, then the 
tube delivers on the average about twice as much power to the load 
as the transistor, and ordinarily dissipates more than twice as 
much energy in the form of heat. At first sight this would seem 
to indicate that the transistor does not help very much, but the 
fallacy of that view can be shown by several examples. 

First, suppose that there is a limit on the amount of 
powerwhich may be consumed. Then the increase in efficiency from 
about )3 per cent to over 50 per cent will permit the power 
output to increase by half without further increase in power input. 

J. U.S. Patent 2,226,258, H. A. Reise and A. A. Skene 
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Second, suppose that a tube of limited dissipation 
,capacity is being used. For the sake of argument, suppose a tube 
.is used which can dissipate one half watt. Used as a linear 
;anplifier at 33 per cent efficiency for 100 per cent modulated 
'lictVes, it will deliver about 250 milliwatts of usable power. 
'Two such tubes in parallel or in push pull operated as a conven­
·tional linear amplifier will still deliver only 500 milliwatts. 
!However, if the tube is used with a transistor whose power 
dissipating capacity is only 200 milliwatts, the two can deliver 
over 700 milliwatts of usable power. 

Third, suppose that in a given application, the average 
degree of modulation is very low, but there are occasional modula­
tion peaks which must be transmitted. Such a situation occurs, 
fur example, in television, where the synchronizing pulses are 
large in amplitude but short in time. In such a case the duty 
cycle of the transistor would be very low, and it could be teamed 
with a tube of much greater power capacity so that the efficiency 
or the latter was retised considerably. 

Other applications will suggest themselves to those 
who are familiar with the Doherty amplifier. Of course, the 
present amplifier is not suitable, as yet, for high power applica-
tions, becaus e 01' the limitations imposed by the transistor. It 
is hoped, however, that it may be of use in cases where the Doherty 
amplifier might be undesirable on account of the large number of 
tunable elements and the complexity and size of the connectinr; 
networks. 

I am indebted to Messrs. R. L. Wallace and W. H. Doherty -
for advice and criticism. 
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FIGURE 3 - LINEAR AMPLIFIER SHOWING INPUT CIRCUIT 
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FIGURES 4 & 5- EQUIVALENT CIRCUITS 
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FIGURE 6- EXPERIMENTAL LINEAR AMPLIFIER 
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FIGURE 7 - LINEAR AMPLIFIER: OUTPUT AND EFFICIENCY 
AS FUNCTION OF INPUT 
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J... HIGH EFFICIENCY UNTUNED AMPLIFIER 

A high efficiency amplifier having 
many characteristics of the Doherty 
amplifier, but having no tuned circuits, 
is described. It uses two transistors 
and two vacuum tubes in two push-pull 
circuits, connected in series to the 
load with proper biases. 

~' A recent memorandum by this author describes a high 
efficiency linear amplifier using a triode and a transistor which 
is derived from the well-known Doherty amplifier by replacing one 
of the power tubes by a transistor. An application of Wallace's 
duality principles shows that in this manner the impedance invert­
ing networks so pror:iinent in the Doherty aruplif'ier can be 
eliminated. 

The Doherty amplifier is a tuned amplifier. The re­
quirements on the impedance inverting networks are such that they 
can never function properly over more than a narrow band if they 
are to be relatively free from loss. However, in the linear 
amplifier described by this author there are no tuned circuits 
except the two tank circuits. This suggests at once an attempt 
to modify the circuit to make an untuned amplifier out of it. 

The first requirement is that the circuit must be a 
push-pull circuit, in order that it will amplify negative as well 
as positive signals. The second is that according to the manner 
of the Doherty amplifier, for small signals the vacuum tube 
amplifier should work alone. The third requirement is that for 
larger signals, the voltage drop across the vacuum tube should 
fall to its minimum value when the sigm,l has reached about half 
the maximum value that the amplifier as a whole is designed to 
handle without distortion. The fifth requirement is that when 
the transistor shall begin to act in such a manner that 1) the 
transistor will deliver power to the load, and 2) the current 
through the Vacuum tube shall increase. 

These five requirements together suggest a circuit 
similar to the one in Figure 1. Here we have an ordinc.1ry class B 

* "A New High-Efficiency Amplifier using a Transistor and a 
Vacuum Tube" 
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triode amplifier and a class B transistor amplifier using the 
circuit of Wallace, connected by separate transformers to the 
load. The transistor amplifier is not biased, however, to 
behave as a class B amplifier, but the emitter bias is made 
large enough so that for small signals on the emitter both 
collectors will present very low impedctnces. 

For small sigmi.ls the vacuum tube amplifier behaves 
as an ordinary class B amplifier, because the impedance pre-
sented in the load circuit by T2 is small. Let us imagine a 
signal which increases steadily from a small value. The plate 
voltage of one tube (say V1 ) will fall steadily and the plate 
current will rise steadily. The current through the load is, 
apart from a constant fa.ctor, the same as the plate current of 
v

1
. Presently, however, the plate voltage of V, falls to zero, 

and its plate current has risen to what we might suppose is a 
maximum value. At this point, however, the emitter current of 
Tr, falls to such a value that the collector circuit no longer 
prtsents zero impedance. The collector voltage falls to a nega­
tive value, and p~rt of the current which was passing through 
the collector to the base is now driven through the primary of 
T2 through the other transistor, which still presents a low 
impedance, to the common base. This induces further current in 
the load circuit, and incidentally causes more current to flow 
through the tube. This is possible now because the tube presents 
a low impedance to the secondary of T,. The total effective 
driving voltage is now the sum of tbe-'-volta.ge drop across the 
tube and the voltage drop across the transistor. These relations 
are shown in Figure 2. 

Figure 3 shows the re lat ions of voltage and current 
when the input is a sinusoidal wave of large amplitude. From 
the third a.nd fourth lines one can see how the transistor 
supplies the missing voltage peaks which are cut off of the 
plate voltage wave when the tube limits. The sixth line shows 
the current and voltage across the secondary of T1 . The voltage 
wave shows the typical evidence of limiting. The next line 
shows the voltage and current for the secondary of T.- . The cur­
rents are of course the same. From these two graphs~it is clear 
that the total effective exciting voltage is sinusoidal in spite 
of the fact that all four of the individual wave forms are far 
from sinusoidal. 

It is possible to compute the efficiency of the device 
on the assumption that the collector voltage of the transistor 
and the pl2te voltage of the tube are strictly zero when they 
fall to their minimum values, i.e., that the tube and the tran­
sistor are perfect short circuits when they are supposed to 
present low impedances. The results of the computations are 
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shown in Figure 4, which shows the plate- and collector-circuit 
efficiencies for sine wave inputs of various magnitudes. The 
efficiencies predicted are obviously greater than those to be 
expected from a class B amplifier of the ordinary type. Of course 
any actual circuit would fall short of this efficiency to the ' 
same degree that an ordinary class B amplifier falls short of its 
predicted maximum efficiency. 

This amplifier might be useful in any low or medium 
power application where low power drain and low dissipation are 
important. It is true, furthermore, that as in the Doherty 
amplifier and the tuned linear amplifier described by the author 
one of the active elements is worked much harder than the other.' 
This allows us to use transistors of relatively low capacity 
to improve the efficiency of considerably larger vacuum tubes. 

Up to now no example of an amplifier cf t h e type de­
scribed has been built. It is hoped that an experimental model 
will be built in the near future. 
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FIGURE I - HIGH EFFICIENCY UNTUNED AMPLIFIER 
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FIGURE 2 - VOLTAGE AND CURRENT RELATIONS, 
MONOTONIC LINEAR INPUT SIGNAL 
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FIGURE 3 - VOLTAGE AND CURRENT RELATIONS 
FOR SINE WAVE INPUT 
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FIGURE 4 - THEORETICAL CIRCUIT EFFICIENCY AS A 
FUNCTION OF INPUT VOLTAGE FOR A SINUSOIDAL 
INPUT. SKETCHED FROM A FEW COMPUTED POINTS. 
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SOME EXPERIMENTAL AND PRACTICAL APPLICATIONS 
OF TRANSISTOR OSCILLATORS 

A small number of oscillator circuits built at BTL 

at frequencies ranging from audio to broadcast ra.nge are de­

scribed in this section. Mostly these circuits were of an 

experimental nature but some were built for specif'ic system 

uses and are either in the production stage or nearly so. 

All of the circuits described use point contact transistors, 

largely because NPN types were not available at the time of 

this work. 

In general, the oscillators do not represent types 

where precision performance was required. However, it seems 

reasonable that transistors would have introduced no partic-
-~ _'1._ 

ularly difficult problems if:bad been necessary to obtain 

extremely high stability of output or frequency, very pure 

sine wave and uniformity with different units. 

An example of an audio frequency oscillator using 

the early type A transistor is shown in Fig. l. This unit 

has been widely used during the last four years for demon­

strations throughout the country. Feedback from collector 

to emitter is by means of a transformer whose collector wind­

ing is tuned. A single battery is used and emitter bias is 

obtained from the drop in a resistor in the base lead. 

Fig. 2 shows the schematic of two more early oscil­

lators. These circuits are those of the local oscillators in 
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two experimental broadcast-band superhetrodyne receivers. In 

Fig. 2(a), feedback is by means of inductive coupling similar 

to that in the previous audio frequency oscillator. A single 

power supply is used with the emitter bias again taken from a 

resistor in the base circuit. In this case, however, a vari­

able bleeder resistance is also provided so the emitter bias 

may be adjusted. 

In the oscillator in Fig. 2(b), feedback from col­

lector to emitter circuit is by means of a tuned circuit in 

the base lead which acts as a common impedance between these 

circuits. Here the emitter bias is furnished by a second 

voltage supply. 

noth of the oscillators in Fig. 2 cover the frequency 

range of approximately 1 to 2 megacycles. Since the equipment 

was only experimental, selected type A transistors were used in 

each circuit and no attempt was made to attain interchangeability 

of the transistors. 

Fig. J(a) shows the schematic of an audio frequency 

transistor oscillator. This oscillator supplies a ringing tone 

of 1600 cycles in a lineman's test set used in maintaining 

the repeaters of a carrier telephone system. While 

batteries could be used to power the oscillator, the failure 
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of the batteries would leave the linesman without means of 

calling the test board. The oscillator is, therefore, oper­

ated from 20 to 30 volts d-c produced by a rectifier consist­

ing of four germanium varistors. The rectifier is energized 

from a hand cranked magneto generator normally used by the 

linesman for ringing on voice frequency lines. This magneto 

generator has a nominal frequency of 16 cycles, but may vary 

with speed of cranking from 12 to 36 cycles and often has a · 

very poor wave shape. 

In the oscillator of Fig. J, feedback from emitter 

to collector is through a transformer having a tuned collector 

winding. Additional feedback is obtained by means of the 100 

ohm resistor in series with the base of the transistor. The 

1200 ohm resistor in series with the emitter affords protection 

against surges originating both within the set and on the tele­

phone line to which the set is connected. Any transistor of 

the Al723 type may be used without readjustment of the circuit. 

The test set oscillator supplies approximately l milli­

watt into a 600 ohm load and has a frequency of 1600 cycles. 

Frequency is well within the required tolerance of± 20 cycles 

under all conditions of temperature, humidity, changes in tran­

sistors and in supply voltage due to variation in speed of 

cranking the magneto generator, etc. The wave shape is sub­

stantially sinusoidal with the total harmonic content approx­

imately 40 decibels below the fundamental output. 
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In field equipment of the type being discussed, 

ability to operate under extreme temperature conditions is 

important. Therefore, the test set is designed for operation 

between the limits of -67°F to +150°F. The curve in Fig. 3(b) 

shows that the total variation in output over this range is 

between one and two decib~ls. Changes in temperature within 

this range changes the frequency only in the order of two to 

three cycles. 

Fig. 4 shows the schematic of a low audio frequency 

(80 cycles) oscillator on which circuit development has now 

been completed. This oscillator features ooeration from a . ' 

single 6 volt nower supply, low power drain and constant out­

put with a wide range of transistor characteristics. 

As in the first and fourth oscillators emitter bias 

is supplied from the drop in an impedance in the base lead. 

However, in this oscillator the power available was so low 

that the drain through bleeders had to be restricted. By us­

ing two J/16" disc copper oxide varistors in the base an im­

pedance was obtained which has high d-c resistance at the mo­

ment power is applied. As oscillations build up, the additional 

collector current flowing through these varistors decreases 

their d-c resistance. 
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Constant output is achieved by an automatic-volume­

control circuit. A portion of the output is rectified and the 

resulting voltage, of approximately 1/4 volt across the 250 ohm 

resistor between the center tap of the output transformer and 

ground, is applied to the emitter. The polarity of the AVC volt­

age opposes the emitter bias obtained from the drop across the 

varistors in the base circuit, giving a net negative emitter 

bias. Variation in this effective bias varies the operating 

angle thus controlling the output. This Class C operation also 

increases the output efficiency. 

Ten milliwatts of output power is obtained with an 

input of 28.9 milliwatts when operating from a single six volt 

battery. '.1.'his is an over-all efficiency of 34%. Actually, a 

large portion of this power is lost in bleeder current, trans­

former losses, etc. so the actual efficiency in collector cir­

cuit alone is of the order of 60%. At this output the total 

harmonic content is approximately 21 db down on the fundamental. 

Fig. 5 is a statistical plot showing how the output of 

the oscillator of Fig. 4 changes due to variations in the char­

acteristics of transistors. Curve Bis the result of tests made 

using 61 transistors of the Ml768 type all of which met the man­

ufacturing specification. The degree of uniformity in output is 

exceptional. For 90% of the units tested, the variation was less 

than .4 db from the mean. Curve A shows the result of tests on 

135 units including both the 61 units of Curve Band 74 additional 
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units which had been rejected for not meeting the Ml768 limits. 

Even for this spread in varistor characteristics the variations 

in output were extremely small. 

Fig. 6 is the schematic of a piezo-electric transistor 

oscillator which has been studied as a possible substitute for a 

vacuum tube oscillator used to supply carrier to a modulator in 

a carrier telephone system. In one experimental circuit, a 

grounded base point contact transistor amplifier driven by this 

oscillator delivered 30 milliwatts at 1g4 kilocycles. This is 

somewhat less than the 200 milliwatts that can be obtained from 

the electron coupled vacuum tube oscillator currently used but 

is nevertheless sufficient for the use contemplated. 

An interesting test result in using the crystal tran­

sistor circuit is the fact that the total power required by the 

transistor oscillator and amplifier is .8 watts less than that 

required by the vacuum tube circuit. Both circuits were oper­

ated from normal +130 and -48 volt telephone office batteries. 

If more suitable power supply voltages can be made available, 

this power economy can be increased to over 1-1/4 watts. As 

most present day use of miniature tube circuits crowds a maxi­

mum number into small space, the saving of even such small 

amounts of power is important in reducing heating. 

The simplicity of the circuit in Fig. 6 is due to the 

fact that in transistors the a-c collector current is in phase 

with the a-c emitter current. Hence to obtain oscillations it 
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is only necessary to feed the collector current back to the 

emitter through a series resonate circuit or its equivalent a 

piezo-electric plate. The fed back collector current must, 

of course, exceed the emitter current. 

The operating point Qin Fig. 7 is initially deter­

mined by the supply voltages and the resistors in series with 

them. wben the circuit oscillates the collector current and 

voltage follow the a-c load line shown in the lower portion 

of Fig. 7. Limiting action takes place on the peaks of the 

cycle due to decrease in alpha at both low and high values of 

emitter current. This is shown in the upper portion of Fig. 7, 

A mathematical analysis shows that the approximate 

condition for oscillations is 

Ro+ Ro 
R1 re 

( 1) 

in which R0 is the equivalent resistance of the piezo-electric 

plate, R1 the collector load resistor and re the usual parameter 

of the transistor. In point contact transistors re is from 15000 

to 20000 ohms so the third term of (1) is of second order import­

ance. R0 is from 2000 to 6000 ohms for small size piezo-electric 

plates thus restricting R1 to values of the same order of magni­

tude, as the alpha of most point contact transistors does not ex­

ceed 2 in the middle of their operating range. 

Equation (1) indicates one important difference between 

a direct coupled collector-emitter circuit oscillator using point 

contact transistors and the usual vacuum tube oscillator. While 
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in most vacuum tube oscillators, there is considerable "excess 

gain", in this transistor oscillator there is practically no 

reserve margin in the current amplification. This would lead 

one to suspect considerable variations in operation in this 

type of transistor oscillator circuit. 

The effect of changing transistors is shown in Fig. 8. 

Here curves of output versus temperature are shown for six dif­

ferent transistors of the 1729 type. There is considerable 

variation in output and the maximum operating temperatures vary 

widely. The failure to oscillate at higher temperatures is 

due to a large decrease in the value of re, a phenomena quite 

similar to the increase in reverse current in germanium diodes 

at high temperatures. 
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MODULATORS IN CARRIER TELEPHONE SYSTEMS 

Modulators are used in frequency division arrangements 

in the Bell System on either a single channel or group basis. 

As channel modulators they modulate or demodulate between the 

speech band frequencies and carrier frequencies seldom higher 

than a few hundred kilocycles. Most transmission is on a sin­

gle sideband basis, and the carrier frequency modulated to, is 

set either by limitations of usable line frequencies or by de­

sired bands where it is most practical to construct the single 

sideband separating band filters. 

In nearly ~11 present day systems of wide use, channels 

are first translated to a primary group allocation which may con­

sist of 4 to 12 channels. These groups are then modulated to the 

line allocation desired, or they may be further modulated into 

super-group allocations before transmission as fo~ example in 

the transcontinental microwave radio relay system. In the co­

axial cable system as many as 10 of these super groups are some­

times used for transmission of as many as 600 channels. 

In certain applications, group modulators are used at 

every repeater point. This serves to prevent sing and crosstalk 

coupling through use of differant frequency bands at repeater 

input and output. Also in newer wire line systems, through in­

version of the frequency allocations in the repeater modulators 

channels alternately traverse high and low frequency p9sitions 

in successive line sections and thus encounter nearly constant 

attenuation. Although experimentally we have operated satis• 
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factorily through hundreds of such modulating repeaters in 

tandem, we do not expect such severe conditions in practical 

experience. 

Low carrier leak ana low interchannel motiulation 

interference have been important factors in carrier telephone 

modulator design since the early 1920's. These conditions are 

reached through balanced bridge arrangements using high level 

carrier anct low level signals. As a result a single sideband 

allocation is derived which can be sent through line repeaters 

at greatest signal/noise advantage. Fig. 1 shows a vacuum tube 

bridge arrangement used in all carrier telephone modulators un­

til the late 1930's. Although the carrier was balanced from the 

output, frequent manual balancing was required using condensers 

to compensate for variations imposed by aging of the vacuum tubes. 

Such modulators were classed as single balanced, the prime objec­

tive being to balance the carrier from the output, even though it 

would have eased suppression requirements on associated output 

filters to balance the input signal and certain classes of un­

wanted modulation products from the output. Double balanced 

vacuum arrangements also shown in Fig. 1 were contemplated in 

the early 1930's to get further reduction in unwanted products. 

Both carrier and the input signal are balanced from the output 

and if we examine the circuit closely it is apparent that we 

are so poling tubes and transformers as to get a double pole 

double throwing reversing switch connection at the carrier rate 
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between the input and output signal branches. Neither the 

single or double balanced tube arrangement was ever used in 

a carrier telephone group modulator. This was because of 

the general instability in suppression of unwanted modula­

tion bands, the circuit complexity and the greatly improved 

performance obtained with copper oxide varistor diode modu­

lators beginning in the mid JO's. 

In Fig. 2 are shown early versions of double bal­

anced copper oxide varistor modulators. The bottom circuit 

shows the advantages of varistors in simplifying circuitry, 

as only two transformers need be used, in contrast to six 

transformers and four tubes in the vacuum tube arrangement. 

The clarity with which the double balanced varis­

tor arrangements showed that the problem was to get the re­

versing switch connection between input and. output, contrib­

uted to devising a number of new arrangements. Third order 

arrangements where the connections were reversed at double 

the carrier rate were considered attractive. Desired output 

sidebands were utilized on the 2nd harmonic of the carrier 

frequency. With closely matched varistor diodes oppositely 

poled or with thyrite, carrier unbalance leak at the funda­

mental carrier frequency could easily be eliminated because 

of the wide frequency separation. In ,i"ig. J a third order 

double balanced arranging is shown using thyrite. This was 

more speculative than useful. Three dimensional drawings 
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of the circuit aided in visualizing where the modulation prod­

uct currents flowed. 

In F·ig. 4 series, shunt and lattice type varistor 

modulator circuits are shown. The lattice type is also called 

a double balanced modulator or a ring modulator. Most present 

day modulators are one of these types. Considerable stress has 

been placed on minimizing the number of transformers. They are 

completely eliminated in the series and shunt circuits. In the 

ring modulator a useful application is to take off de or very 

low frequency currents through the normal carrier branch of the 

circuit, which does not include a transformer with two nearly 

equal input frequencies in the two signal branches. 

In the circuits of Fig. 4, development has ~one about 

as far as can be expected in the direction of circuit simplicity. 

Refinements in the direction of better reduction of modulation 

products is obtained through close selection of varistor diodes 

in the bridge arms. In some cases as many es 64 discs have been 

stacked in the bridge and held better than 50 db balances without 

adjustment in manufacture. Benefits from balance can, however, 

can be obtained only in sorting the modulation products into dif-

ferent classes. In the single balanced series and shunt modulators 

with only two circuit branches, all modulation products are divided 

into one branch or the other. In the signal branch, fundamental 

and odd harmonics of the sifnal frequencies are combined with 

fundamental and both even and odd harmonics of the carrier frequency. 
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In the carrier branch the even harmonics of the signal are com­

bined with even and odd harmonics of the carrier. In the ring 

modulator the four combinations of odd and even harmonics of 
' 

signal and carrier are separated into four circuit branches: 

signal input, signal output, carrier, and varistor ring. Fig, 5 

portrays these four classes of modulation products. 

Until a few years ago, the only balanced modulators 

in telephone circuits used copper oxide varistor diodes. Re­

cently an almost complete shift has taken place to use of ger­

manium diodes in new circuit design. This can be attributed to 

finding in germanium a more stable, less temperature sensitive, 

less frequency conscious diode than copper oxide. In certain 

speech modulators modulated by carriers at syllabic frequencies, 

very close control and uniformity of the diode e-i characteris­

tic has been required. In germanium the characteristics obtained 

in this use have shown extremely small change over a period of 

two years of operation. Consistently any change observed has 

been of the orders of magnitude that might have been expected 

from the few degrees of temperature variation accompanying the 

measurements. 

It is not always preferable to use germanium, however, 

as the noise performance is at least 10 db poorer than copper 

oxide. Another factor favoring copper oxide, too, is the abil­

ity to stack large numbers of copper oxide diode varistors in 

the bridge arms for better balancing. The mechanical construc­

tion of the germanium varistor has not permitted such arrangements, 
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be-

In examining transistor application to the circuits 

that have been under discussion, there is little advantage ex­

cept for the gain of the transistors. The ultimate in modulator 

simplicity with varistor modulators has perhaps been reached. 

Transistor modulators tend toward the complexity of the vacuum 

tube modulator, requiring transformers for efficient use. Under 

these circumstances, it is hard to imagine even further compli­

cations through double balanced operation or through use of many 

transistors in the bridge arms to get closely matched character­

istics and large reduction in undesired modulation. Progress in 

varistor modulators has advanced far beyond vacuum tubes and in 

using transistors only slight regression can be tolerated, to 

derive gain benefits. Under these circumstances it seems pre­

ferable to continue with varistor modulators and where gain is 

required, to follow the modulator with a transistor amplifier. 

Fig. 6 shows how well varistor modulators have been per­

forming in the Bell System. vihen first put in, a circuit element 

was hoped for which, once installed, would require no more atten­

tion than a soldered in transformer or resistance. Replacement, 

due to aging, was contemplated within five years. ln the chart, 

a carrier balance distribution is shown for a large number of 

units installed in 1938. More than ten years later these same 

units show the average unit with bridge balance better than 40 db, 

and almost no change in the distribution curve. With transistors 

in our circuits whether in modulators, in oscillators, or in ampli­

fiers, the same permanence in performance can be expected. 
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FIG. 3 THIRD ORDER DOUBLE BALANCED MODULATOR 
USING SYMMETRICAL VARISTORS 
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FIG. 5 - SPECTRA OF MODULATION PRODUCTS 
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A STABILIZED TRANSISTOR DELAY 

AND SWITCHING CIRCUIT 

In most switching systems small delays, usually in 
the trigger or control circuit, are often necessary. The sense 
is not that of information storage, but that of delaying a 
trigger action until other actions can take place with certainty, 
Thus there is no requirement on linearity or even upon amplitude 
beyond a minimum limit. The single-shot or monostable multi­
vibrator has been, in the past, the work horse for this appli­
cation. The device sits in normal quiescent condition and is 
triggered off by the main trigger to execute one cycle - a 
sensibly rectangular pulse. The delayed trigger is derived 
from the trailing edge of this pulse. 

It was though that a very simple transistor circuit 
could be used as a monostable relaxation oscillator in which 
the timing is by an R, C and device combination. Unfortunately, 
a large number of the delays are required to recycle very rapidly. 
That is to say that the duty cycle is O. 5 as contrasted to the 
normally expected duty cycle of perhaps 0.005 or 0.01 and seems 
to be, therefore, impossible for the simple relaxation oscillator 
which has a fairly long recovery period. This does not mean that 
it is impossible to use a transistor package f or these rapid 
cycling delays; rather, a dual device sort of arrangement must 
be used wherein one unit is charging while the ot her is discharg­
ing. The simple relaxation oscillator can re used in other olaces 
where the recycle time is not so critical, in counters and, with 
slight modification, as a stabilized free-running oscillator 
which is also needed. 

Fig. 1 shows the basic two-terminal relaxation oscil­
lator which uses the negative resistance characteristic of the 
emitter to ground. Rb is an added base resistor to augment the 
feedback and is of the order of lOK. Re is a load resistor in 
the collector circuit of 500 to 4K in value (the collector is 
used for out put in order to obtain a f l et base li ne and some 
degree of saturation). C is the stora~e or timing canacitor. 

Fig. 2 represents the emitter characteristic which is 
employed. Certain parts of the chara cteristic have been exag­
gerated for clarity. R is the load line and the bias Ve has 
been chosen to permit a singular intersection only, resui ting 
in the monostable behavior. The application of a trigger to 
base or emitter momentarily will raise the load line over the 
trigger point A with the resultant completion of a sing: le cycle • 
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The necessary trigger voltage is given by the difference between 
the hias, Vee and the voltage of A. The voltage at A is very 
nenrly the voltage developed across Rb due to the collector 
current when the emitter is open circuited. This is not quite 
true since there is internal rb and A actually lines mi~utely 
to the right of the axis in the positive emitter current 
region, but is close enough except for extreme accuracy since 
Rb'>>rb and I eA ~ 0. 

It. follows very simply that for maximum sensitivity 
Ve - Hb Ico should be as small as possible. However, Vee is 
fixed and Ico is variable from unit to unit and with temperature 
having a range of perhaps 10:1. Thus if one were to choose Vee 
small, the circuit might self-trigger under high lea condition 
and lock-up in the high current region. Conversely, choosing 
Vee so large as to completely negate this condition results in 
very low sensitivity. In either case there is a high degree of 
variability. 

The proposed circuit of Figure 3 effectively ties the 
trigger voltage b Ico and the quiescent point together so that 
as one varies, the other, to a large extent, moves with it so 
as to sensibly retai~ a constant small difference. This is 
accomplished by the cross resistor Heb which holds the caraci­
tor voltage to the base voltage, Rb Ico· Looking at the portion 
of the circuit wi t hin the box, Fig. 4 it is quite obvious that 
if Heb is large enough that this portion of the circuit is de 
stable and in the abse~ce of any voltage perturbation the 
entire circuit is stable. If the voltage across C is varied, 
however, C suddenly appears to be a low impedance, approaching 
zero, and is quite small in comparison to Reb so that Reb 
effectively disarrears from the picture and the circuit is 
thrown into the dynamic state. Such a circuit has been made 
so sensitive as to :ire with random noise and pickup static. 

Large values of Heb are usually not too satisfactory 
due to the long recovery time and some variability in the 
trigger voltage; low values of H.eb may result in instability 
with consequent free running. In this latter case the circuit 
may be •na de monostable by the insertion of 3 battery bias in 
series with Reb, suitably poled. More convenient, however, is 
the constant current bias afforded by the high valued shunt Re 
in Fig. 5. 

The interpretation and calculation of the quiescent 
or de r;:ondition may be done graphically, but more easily with 
the equivalent circuit, Fig. b. The assumptions are that le 
must be + 50 uA before alpha exceeds unity l the trigger point A) , 
that le is m~ch greater than le, and He is sufficiently large 
as to affurd constant current. re is an unknown and altho~gh we 
know that it has values of JOO ohms or so at positive currents, 
the region in which we are interested le-> 0 and therefore re 
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may have fairly high values. For first approximations consider 
re to be about lOK. If re is large the deviation will be in 
the direction of increased stability. 

Knowing V c, Rb, Rr. and the range of re one may cal­
culate Ico and its range. Since Ic >> Ie, 

.... ( 1) 

If this value of Ie is less than the critical value of 
I~ for a>l.O, the circuit is stable and the trigger current is 
given by the difference. Experimentally; critical Ie is of 
the order of 50 ua and I e from equation l l) may be of the order 
of +30 or 40 uA depending on heb and rb• If now He is intro­
duced and a constant current bias afforded, le from ( 1) will be 
reduced about one-half the bias current. The other half of 
the bias current flows directly through Reb and Rb• Since the 
bias current is small compared to let, the deviation to Rb Ico 
is small. 

The net effect is a stable circuit in which variations 
are largely controlled by passive parameters. Variations which 
do exist and even though they may be percentage-wise large are 
small in terms of absolute values. 

Since Reb will in general be much smaller than the 
average emitter back resistance, variations in tri.e recovery time 
or repetition rate are also considerably reduced. There is the 
disadvantage that the introduction of Reb results in smaller 
entrance impedance making the circuit harder to drive; the 
smaller trigger possible with the circuit over weighs this dis­
advantage, however. Too small values of li.eb can result in poor 
dynamic properties. 

The repetition rate can be speeded up by replacing 
Reb with a diode as in Fig. 7. As long as the Pmitter is more 
negative than the base the diode is a near short circuit, but 
as soon as the emitter becomes more positive, as with trigger, 
the diode unlatches and drops out of the circuit. 

The circuit may also be made into a stabilized free­
running circuit by returning Re to a positive voltage so as to 
afford a constant positive current bias. 
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A TRANSISTOH PACKAGED CIRCUIT 
FOR MULTIFUNCTlONAL SWITCHING 

APPLIC.4'l'IONS 

In the design of switching systems, there are many 
applications for a threshold two gate, this is to say, a circuit 
which requires the simultaneous presence of two input signals to 
produce an output. When dealing with digital information or 
control signals with pulse techniques, the output often need not 
be a replica of any input. Further, gain or level restoration 
may also be desired. Other practical considerations often call 
for a device which has high input impedance and which is 
capable of being d-c coupled if necessary : 

Past practice is exemplified by diode configurations 
involving transmission loss and having impedance matching 
requirements at input and output*. Such configurations are to a 
large degree independent of signal amplitudes after minimum 
levels have been exceeded. Various other diode configurations 
have also been developed which may preserve the waveform of the 
signal information, if desired. 

In the considerations for the design of a threshold 
two gate employing a transistor, it was deemed feasible to 
utilize the negative resistance characteristics of a triggered 
regenerative amplifier. These characteristics have been 
investigated and successfully employed in the design of a 
threshold two gate. Further investigation of the basic circuit 
evolved has brought out the possibility of application of the 
basic circuit as a packaged device capable of performing addi­
tional useful switching functions. 

1. 0 General 

The circuit to be described consists essentially of a 
regenerative amplifier, employing a transistor as an active 
element. Additional passive circuit elements and biasing 
voltages may be applied to this basic circuit to permit multi­
functional usage. Some of the functions which may be per­
formed are: 

*"Diode Gutes'' by L. Vl. Hussey. 
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1. Threshold two gating 

a. AND gating with two signals. 

b. BUT NOT gating with two coincident 
signals, one positive and one negative. 

2. Pulse regeneration and delay 

1.10 Basic Circuit Configuration 

The elementary regenerative amplifier circuit config­
uration is illustrated in Figure 1, and a typical input 
(emitter) characteristic is shown on Figure 2. The circuit 
incorporates base stabilization** in order to clamp the turn­
ing point of the characteristic at a definite potential, in 
this case zero vol ts. In addition, a small resistance has been 
added in the base circuit to insure obtaining a negative 
resistance as soon as the emitter current becomes positive. 
This is to obtain ease of triggering at a small cost in 
stability of the turning point with transistor variations. The 
circuit constants as illustrated have been so adjusted that 
variations in the Ico of the transistor from approximately 
3 ma down to approximately 0.8 ma may be tolerated. A diode 
is inserted in series with the emitter to insure a slope in 
the negative emitter current region greater than 0.5 megohm 
for additional discrimination. 

2.0 Applications of Basic Characteristic 

2.10 Threshold Two Gating 

2.11 AND Gating - Positive Pulse and Voltage Step Function 

Figure 3 illustrates a circuit, using the basic 
regenerative amplifier, which is capable of performing the 
function of AND gating using a step voltage and a coincident 
positive pulse. The characteristic for this configuration is 
shown on Figure 4. An emitter load line, biased at -10 
volts, is superimposed upon the input characteristic of the 
device, resulting in a d-c equilibrium point at A. We may 
assume that the pulse to be gated has an amplitude of 15 
±5 volts. If such a pulse be impressed at the input terminal, 
the circuit will be triggered and a positive pulse in the 

** ''Idealized Negative Resistance Characteristics of the 
Transistor", by R. L. Trent. 
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order of 30 volts, 2 to 5 microseconds long, will appear at the 
output. If the biasing potential is changed to -30 volts, 
however, the load line will intersect the characteristic at 
point B and the input pulse will be incapable of triggering the 
circuit. Obviously the margins of operation depend primarily 
upon the amplitude variations of the trigger pulse, the value 
of emitter load resistance, and the slope of the characteristic. 
The circuit is characterized by a high input impedance to the 
triggering pulse source when in the OFF condition, determined 
by the emitter load resistance shunted by the back resistance 
of the series diode and the emitter back resistance. However, 
as soon as the positive emitter current region of the charac­
teristic is entered, due to a triggering pulse, the pulse 
source sees a much lower input impedance determined by RB, R1 
and transistor characteristics. Therefore the impedance of the 
triggering pulse generator may be expected to affect the rise 
time and duration of the pulse, but is fairly noncritical up to 
a practical limitation in the order of 10,000 to 20,000 ohms, 
for the circuit constants as shown: The biasing potentials of 
-10 and -30 volts used in the discussion are for illustrative 
purposes only, but represent to a fair degree the potentials 
present at the collector of a transistor bistable flip-flop 
when in ON and OFF conditions, respectively. 

The advantages of this gated amplifier circuit over 
a simple diode switch are as follows: 

a. The source of emitter biasing potential always sees G 
very high impedance of at least the emitter load 
resistance value, for the illustrated plot, 0.1 
megohm. During the intervals when no triggering 
pulse is impressed upon the input terminal, the 
source sees approximately 0.7 megohm. This permits 
many of these gated amplifiers to be operated in 
parallel by the same low impedance controlling 
potential source. 

b. The pulse source also sees a high impedance except 
during a triggering interval, at which time the 
source sees approximately 3000 to 5000 ohms, depend­
ing upon the gate circuit constants and load 
impedance. 

c. Pulse regeneration occurs, resulting in a positive 
pulse with a very steep leading edge. The duration 
and trail-off may be adjusted, within limits, by 
proper choice of circuit constants and triggering 
pulse. Output pulses of 2 to 5 microseconds duration, 
with amplitudes of 30 to 40 volts have been obtained 
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T from this circuit. Inherently, the trailing edge of 
the pulse is much less steep than the leading edge, 
but with a properly chosen differentiating circuit 
in the output, a delayed negative pulse of about 
6 to 10 volts amplitude may be obtained. 

A discussion of the effects of experimental circuit 
parameter variations on the output pulse waveform is contained 
in Appendix A. Analytical relationships have not as yet been 
completed. 

Several interesting circuit variations may be shown, 
in order to illustrate the flexibility of circuit package 
application to gating functions. These variations are dis­
cussed in Appendix B. 

2.12 AND Gating - Two Coincident Positive Pulses 

The circuit configuration illustrated on Figure 5 
will perform the function of AND gating using two coincident 
positive pulses. The emitter load potentiometer with resistive 
arms R1 and R2 is connected to a source of negative biasing 
potential V, establishing a d-c stable equilibrium point at C, 
as shown on Figure 6, in the OFF negative emitter current 
region. 

Input pulse amplitude limitations for use in this 
circuit are fairly stringent, since they must be so controlled 
that one of the pulses appearing at either A or Bis not suf­
ficient to drive the amplifier into the triggered stage, but 
that the summed effect of the two input pulses is sufficient 
to do so. Assuming equal pulse amplitudes at A and B, the 
following elementary requirements may be formulated: 

V >A = B >; ( 1) 

where r11 is the slope of the emitter characteristic, includ­
ing series diode, in the negative emitter current region. 
Assuming values as shown in Figure 5, the amplitude limits 
for pulses at A and B a re: 

17 >A = B > 9 volts peak approx. 
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A diode pulse limiting circuit may be interposed in each input 
circuit to insure that the maximum pulse amplitudes are not 
exceeded. 

Then if a pulse is impressed at either input A or 
input B alone, no output pulse will be obtained. If a pulse 
is impressed at input B, the load line is rapidly displaced 
along the vertical axis to achieve intersection with the 
characteristic at point D. The slope of the load line is 
halved if we assume that R1 and R2 are equal. If, simultane­
ously, a pulse is impressed at input A, the amplifier will be 
triggered and a positive pulse will be obtained at the output. 

2.13 BUT NOT Gating - Two Coincident Pulses, One Negative 
and One Positive 

The system function of BUT NOT pulse gating may be 
accomplished by a gate having two pulse inputs and a pulse out­
put so arranged that if positive input A and negative input B 
are impressed simultaneously, no pulse appears at the output. 
However, when input A but not input Bis impressed, a pulse 
output will be obtained. Also, input B alone produces no out­
put. The circuit arrangement shown on Figure 5 will perform 
this function, as well as AND pulse gating. Consider the 
characteristic shown on Figure 7. The entire emitter load 
potentiometer is connected to a small negative biasing potential 
V. This establishes a d-c stable equilibrium point at C. With 
no pulse impressed at B, a positive pulse impressed at A of 
amplitude greater than "a" will trigger the circuit as previ­
ously described. However, if a negative pulse appears at input 
B simultaneously, causing the load line to be rapidly displaced 
along the vertical axis, and the equilibrium point to be at 
point D instead of point C, then if the positive pulse input at 
A is less than the amplitude 11 b" required for triggering, no 
pulse output will be obtained. If we assume that the source 
impedance of the B input is low with respect to R2, and that R1 
and R2 are equal, the slope of the load resistance at point D 
will be half that of point c. 

From the above considerations, it is also evident that 
the input signal at B may equally well take the form of a nega­
tive step function. The form of coupling utilized depends upon 
the source impedance of the input step function. 

3.0 Pulse Regeneration and Delay 

The basic circuit may be modified in various ways to 
obtain pulse regeneration depending upon desired output wave­
shape and triggering pulse polarity. 
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3.10 Triggering with Positive Pulses 

3.11 The circuit arrangement shown in Figure 4 may be 
utilized to obtain simple positive pulse regeneration by con­
sidering the bias potential Vas fixed. For a given fixed bias 
potential a single input pulse of sufficient amplitude to 
trigger the device will result in a single output pulse, as 
discussed previously. Appendix A covers the effects of cir­
cuit parameter variations on pulse output waveform and dura­
tion. Delay may be a~hieved as previously described, by dif­
ferentiation of the output to obtain a negative pulse delayed 
from the initiating triggering pulse by the duration of the 
output pulse. 

3.12 The circuit arrangement shown in Figure 8 may be used 
to obtain pulse re~eneration. This circuit has the advantage 
of high input impe~ance, and greater stability from voltage and 
transistor variatio~s. In addition, the triggering sensitivity 
is very great, and it may be adjusted within limits by proper 
proportioning of the bias resistor R2 and the current flowing 
through it during the OFF condition. These features make the 
circuit capable of being triggered from a high impedance 
trigger source, if desired. 

3.20 Triggering with Negative Pulses 

The circuit configuration and characteristic shown 
on Figure 9 may be utilized for pulse regeneration when it 
is desired to regenerate a negative pulse. A characteristic 
output pulse shape as shown illustrates that the leading edge 
of the negative µulse is poor but that the trailing edge is 
very steep, indicating that differentiation of the output would 
result in a delayed positive pulse of high amplitude. Con­
sidering the circuit, a fixed positive bias potential is applied 
to the emitter load resistance of such magnitude as to insure 
intersection of the load line with the emitter characteristic 
in the saturation or ON region. Then a negative pulse applied 
to the emitter from a source impedance Z will cause the unit 
to snap to the OFF condition. Since there is no d-c stable 
intersection of emitter load line with the characteristic in 
the negative emitter current region, the unit will return to 
the ON condition after a delay period. There are many complex 
factors affecting this delay period, such as source impedance, 
pulse amplitude and duration, and emitter load resistance, 
besides the usual transistor parameters. However, for a 
specific application it is usually possible to arrive at a 
suitable compromise among these factors to arrive at a delay 
period of from 2 to 5 microseconds. A typical output waveform 
is illustrated together with circuit constants. 



4.0 Conclusions 

A transistor gated amplifier circuit incorporating 
AND type switching characteristics and pulse regeneration may 
be designed suitable for switching system application. Modifi­
cations may be made to the basic circuit to obtain multi­
functional usage, such as pulse delay, pulse regeneration and 
BUT NOT gating involving positive and negative coincidental 
pulses. 
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I kppendix A 

The purpose of this appendix is to describe the 
effects of additional or modified circuit elements, and varia­
tions in triggering pulse amplitude and duration, upon the out­
put waveform of a gated amplifier circuit. 

Since the d-c parameters are usually dictated by 
other factors, such as available voltages, allowable dissipa­
tions and loading conditions, and transistor variations in Ico 
which the circuit must override, we may assume that the values 
of the resistors have been so chosen that these requirements 
have been met. Therefore, this discussion will be limited to 
the effects of those components which affect the a-c response 
of the circuit. 

Considering the specific circuit configuration shown 
in Figure 10, an attempt will be made to illustrate the 
effects on the output waveform of triggering pulse amplitude 
and duration, and the effects of varying the absolute values 
of capacitors c1, C2 and C3. 

Effect of Triggering Pulse Amplitude and Duration 

Figure 11 illustrates typical output waveforms under 
various conditions of triggering pulse amplitude and duration. 
A summary of these effects is as follows: 

(1) For input pulses of short duration (0.2 microsecond) the 
major effect of increasing the amplitude is sharpening the 
leading edge. The trailing edge shape is unchanged, an¢ 
the duration of the output pulse is substantially the 
same. 

(2) For input pulses of duration longer than the ON condition 
of the curve (flat top position) the major effect of 
increasing the amplitude is sharpening the wavefront as 
before. A secondary point is the effect on the duration 
of the pulse. After a certain minimum triggering voltage 
is exceeded, the duration of the output pulse is roughly 
proportional to the input pulse amplitude. 

effect of Capacitor C1 

(1) As illustrated in Figure 12, after a certain minimum 
value of capacitor C1 is exceeded, the duration of the ON 
condition of the curve (flat-topped portion) is 
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proportional to the size of the capacitor C1. Effects 01' 
triggering pulse amplitude and duration Bre the same as 
previously described. 

t2) The minimum value of triggering pulse amplitude is 
decreased for increased values of C1, since a larger pro­
portion oft~ triggering pulse appears between input 
terminal of the device and ground due to the voltage 
divider action between C1 and stray capacitance to ground 
from the input terminal. (Shown as C2) 

Effect of Capacitor C2 

(1) As shown in Figure 13 , increasing the capacitance to 
ground steepens the leading edge and introduces an oscil­
latory condition at the resonance frequency of the R-C 
combination at the input terminal of the device. Heavy 
damping of the resonance circu1t is inherent due to the 
shorting effects of the lowere4 emitter circuit impedance, 
however, and a small additional capacitance of the order 
of 60 to 100 microrarada may be used to advantage if dif­
ferentiation of the output is to be employed to obtain a 
positive output pulse. 

(2) With low amplitude trigger pulses, a small delay of the 
order of 0.2-0.3 microsecond is introduced in the wave­
front. This is due to the fact that the additional input 
capacitance to ground changes the ratio of the capaci­
tance potentiometer formed by Cl and C2, and a smaller 
fraction of the pulse voltage appears at the input 
terminal of the device for triggering. Therefore lower 
sensitivity to triggering pulses results. 

Effect of capacitor c3 

(1) As shown in Figure 14, the major•effect of increasing 
the series output capacitor C3 is to alter the trailing 
edge of the wave by increasing the time constant of the 
collector circuit. 

(2) The adverse loading effects of a larger output capacitor 
result in decreased peak amplitudes. However, this 
degradation of the waveahape in the trailing edge may be 
advantageous if differentiation of the pulse to obtain a 
positive pip with no following negative pip is desired 
for triggering a following stage. 

Swnmary 

-

The output wave from a transistor gated amplifier 
may be modified by changes in circuit elements to obtain various 
forms as desired. Differentiation may be applied to obtain a 
delayed negative pulse: if such a delayed pulse may adversely 
affect following circuits, the amplitude of the negative pulse 
may be minimized by proper choice of constants. 
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•• 
Appendix B 

The purpose of this appendix is to illustrate several 
variations in circuital applicability in order to point out 
some of the possibilities of multi-functional usage of the basic 
circuit. 

( 1) 

(2) 

Because of the clamping a~tion of the base stabilization 
feature, it is possible to displace the characteristic 
so as to obtain a gated-amplifier configuration between 
any two voltage steps on the vertical axis, provided the 
usual margins between the voltage steps and triggeri~ 
pulse amplitude are maintained. For instance, a very 
simple displacement results from modifying the applied 
potentials as shown in Figure 15. This results in a 
characteristic as shown on Figure 16. Gating may then 
be accomplished using a voltage step function between -40 
and -60 volts. 

It is also evident that greatly increased triggering 
sensitivity may be achieved either by adjustment of cir­
cuit constants or by displacement of the characteristic 
so that it is possible to achieve larger ratios of output 
to input pulse amplitudes. For instance, in the circuit 
shown in Figure 4, a 9-volt triggering pulse is 
required with the load line intersecting the character­
istic at point A. If we obtain a nominal 30-volt output 
pulse, a voltage gain of about 10 db is provided by the 
gated amplifier. However, if the biasing potential is 
decreased so that intersection of load line and charac­
teristic occurs only 3 volts below the turnover point, a 
similar result may be obtained by changing the base 
resistance or bias voltage so that the turnover point of 
the emitter characteristic comes at -6 volts. Similar 
increases may also be obtained either by increasing the 
emitter load resistance or by shaping the characteristic 
to obtain intersection of load line and characteristic at 
lower voltages with respect to the turning point. 
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Fig. 2. Characteristics of Transistor Gated Amplifier 
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STABlLIZED SINGLE THANSISTOH 

BINAHY COUNTER 

* The stabilization means previously described has 
been applied to a single transistor binary counter stage. The 
basic circuit has been described by J. T. Bangert, of the Bell 
Telephone Laboratories, and is illustrated in Figure 26, to­
gether with the modified stabilized stage. 

The principles of operation of the typical unstabi­
lized stage are as follows: 

1. Referring to Figure 27, which shows the negative 
resistance characteristic for the stage, the OFF condit~on is 
defined as stable points A or A', when the emitter current is 
nearly zero or negative, corresponding to a low collector cur­
rent; and the ON condition is defined as stable point B, cor­
responding to positive emitter current and high collector cur­
rent. In the OFF condition, the base is slightly less negative 
than the junction point X, so that the varistor is in its con-· 
ducting low resistance state. In the ON condition the base is 
more negative than the junction point X and the varistor is in 
its high resistance non-conducting state. 

2. Assuming that the transistor is in the OFF condi­
tion, a negative pulse applied at the input t~rminal will di­
vide between the emitter and the base; a much larger proportion 
of the pulse will be impressed upon the base due to th~ lower 
impedance of the series path to the base. Sinr-.e- a negative in­
crement on the base is equivalent to a positive .J.ncrement on 
the emitter, the emitter will be triggered positively into the 
negative resistance region of the device. In this region the 
current gain is high and more collector current will flow than 
emitter current. Since the emitter and collector currents flow 
in opposite directions in the base resistor, the larger col­
lector current causes the base to become more negative. the 
same direction as the initiating pulse. This process continues 
until equilibrium between collector current increments and 
emitter current increments is obtained and the ON condition 
stable point Bis reached. The next negative pulse appearing 
at the junction point X sees a high impedance pa th to the base 
and a low impedance path to the emitter, so that the pulr.e is 
applied principally on the emitter, causing a reduction in 
emitter current and a consequent triggering to the OFF condi­
tion. Thus the device changes state each time a negative pulse 
appears at the input. 

*"Idealized Negative Resistance Characteristics of the 
Transistor", by R. L. Trent. 
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3. Figure 27 illustrates the variation in the device 
characteristic which will result from unit to unit for values 
of Vco between 120 and 30, as discussed in Report 5. The dif­
ficulty in triggering the higher Vco units for these biasing 
conditions is immediately apparent, since the emitter current 
increment required for triggering ranges from about 0.5 mA to 
3.0 mA, in the OFF condition. 

The principles of operation of the stabilized stage 
are as follows: 

1. In addition to the circuit elements for the un­
stabilized stage, the base resistor is split up into R3 and R4, 
lK and 9.1K, respectively, with the junction point Y connected 
to ground through a diode varistor poled with its positive ter­
minal towards the base. The device characteristic for this 
circuit configuration is illustrated in Figure 28. An attempt 
has been made to k~ep circuit elements comparable in value to 
those shown for the unstabilized stage for comparison purposes, 
and it should be understood that the circuit elements shown are 
not optimized for best circuit operating conditions. 

2. Assuming that the transistor is in its OFF condi­
tion, a negative pulse applied at the input terminal will 
divide as previously described between the emitter and the base, 
with the larger proportion appearing at the base. This initi­
ates the triggering action as before. However, as soon as the 
collector current exceeds the emitter current by the amount of 
the biasing current passed through the series diode in the base 
lead by the +19 volt biasing voltage, that diode assumes its 
high resistance condition, and the base resistance becomes es­
sentially the sum of R3 and R4, neglecting the effect of the 
shunting diode resistance. At the same time, the additional 
biasing voltage causes a vertical shift in axis of the load 
line. The biasing voltage is so chosen that this vertical axis 
shift occurs at approximately zero emitter current. The change 
in value for the load line impedance ls due to the combined ef­
fects of the two diodes changing state. When the transistor is 
in the OFF condition; or in the region of negative emitter cur­
rent, the emitter load resistance may be approximated by: 

R2 (RV1 + RV2 + R3 ) . 
RL = Rl + R2 + R3 + RVl + RV2 = 1600 ohms (1) 

This equation neglects the shunting effects of R4 and the in­
ternal collector resistance re in series with R5, since they 
are several orders of magnitude greater than the resistances 
they shunt. 
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As soon as the diodes assume their high resistance 
condition (at I£~ 0), the emitter load resistance becomes: 

RL = R1 + R2 = 2200 w (2) 

By the same process as described for the unstabilized stage, 
equilibrium between collector current and emitter current in­
crements, after triggering from the OFF condition results in 
attaining the ON condition stable point B. The next negative 
pulse appearing at junction point X sees a high impedance path 
to the base and a low impedance path to the emitter, so that 
the pulse is applied principally on the emitter, causing trig­
gering to the OFF condition. As soon as the negative emitter 
current region is attained during this triggering period, the 
diode RV2 reverts to its conducting state and similarly, as 
soon as the base becomes less negative than the junction point 
X, the diode RV1 becomes conducting, and equilibrium at the 
OFF condition stable points A-A' will result. 

An examination of Figure 28 shows the improvement at­
tained in triggering conditions by the stabilization means, in 
that the variation in emitter current from point A to A' (the 
OFF condition stable points) is 0.25 to 1.25 mA compared to 0.5 
to 3.0 mA for the unstabilized stage. 
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1.0 General 

A STABILIZED· GENERAL PURPOSE 

TWO-TRANSISTOR BINARY COUNTER 

The purpose of this report is to describe the theory 
and operation of a newly developed general purpose binary 
counter employing two transistors, and to discuss its charac­
teristics and performance. 

In this report, the term binary c ounter is used to 
describe a circuit having two d-c stable equili.brium points, 
and which can be triggered from one stable point to the other 
by the application of pulses of the same polarity to a common 
input terminal. 

1.10 Requirements 

The following general requirements were set up as 
design criteria. 

1) Triggering by pulses of either positive or negative 
polarity. 

2) Repetition Rate: 0 to 50 kc. 

$) Independence from reasonable power supply variations. 

4) Independence from transistor variations due to aging 
and temperature effects. 

5) Average ratio of output pulse amplitude to triggering 
pulse amplitude of at least 5 to 1. 

6) Incorporation of means of setting to either ON or OFF 
condition by means of suitable pulses applied at 
independent input terminals. 

- 470 -



1.20 Circuit Description 

A functional representation of a binary counter 
incorporating the required features is shown in Figure 1. 
Figure 2 is a schematic of a developed circuit, incorporat­
ing two transistors, meeting the above requirements. The cir­
cuit comprises two balanced transistor stages with back 
couplings between collectors and bases, consisting of 
resistor-capacitor networks (C2 and R4, C1 and R5). In addi­
tion there is a d-c direct coupling by means of a common 
emitter load resistor (R12) and an a-c direct coupling between 
emitters (C3). These couplings provide regenerative paths for 
the passage of a-c signals and d-c paths to achieve stability 
once the transient e~fects have subsided. Triggering pulses 
are impressed upon the bases under the contrcl of a diode 
steering circuit (RV1, RV2) which is given direction by the 
difference of potential existing between the bases when one 
unit is in the ON condition and the other is in the OFF condi­
tion. The necessity for a separate biasing supply for the 
emitters is eliminated because of the fact that the common 
emitter resistance (R12) at the two stable equilibrium points 
is always passing the e~itter current of the ON stage to pro­
vide the biasing poten~ial for the OFF stage. In addition, 
the circuit utilizes base stabilization and a feature insuring 
low triggering requirements. 

In order more easily to describe this circuit the 
various features will be discussed one by one by means of 
skeleton circuits. 

1.21 Stabilization Feature 

In the design of transistor trigger circuits, varia­
tions among transistors, and variations in the operation of a 
single transistor at different temperatures, affect adversely 
the triggering sensitivity and stable operating points. These 
effects have been traced to the fact that transistors, at 
present, vary widely from one another in the amount of base 
current which flows when the emitters are biased negatively in 
the non-conducting region. This current is denoted as the Ico 
of the transistor. This variable base current, flowing 
through the large base resistance added in the base circuit to 
secure the desired negative resistance characteristic, causes 
variations in the turning point of the characteristic. A 
stabilization feature* consisting of the addition of a biased 

-----------------------------
*"Idealized Negative Resistance Characteristics of the 

Transistor", by R. L. Trent • 
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diode in the base lead to provide a low shunting impedance 1n 
the negative emitter current region and a high impedance 1n the 
positive emitter current range is illustrated in Figure 3, 
The low impedance prevents variations in collector current 
{ Ico) from unit to unit from causing a wide range of voltage to 
be developed across the base resistances: the high impedance 
condition allows the remainder of the standard negative resist­
ance characteristic to be obtained over a range of positive 
emitter current. A small resistance has been added in series 
with the shunting diode to insure obtaining at least a minimum 
value of negative resistance as soon as positive emitter cur- . 
rent obtains on triggering. In addition, this insures the 
existence of a sharply defined turning point in the character­
istic. This sharp transition results in ease of triggering and 
less loading of the triggering source, and decreases the transi­
tion time, making possible higher-frequency response. By proper 
proportioning of the added resistance, the effects of varia­
tions in the Ico on the turning point may be kept within 
practical allowable limits. The resultant characteristic is 
shown in Figure 4. This stabilization feature has been 
applied to both transistors in the bfnary counter circuit to be 
described. 

1.22 Triggering Sensitivity Features 

On of the major stability criteria of a binary 
counter stage is that once it has been set to one condition, it 
must maintain that condition indefinitely until the next inci­
dent pulse is impressed upon the input lead. Satisfaction of 
this requirement has often resulted in poor tr iggering sensi­
tivity. The binary counter under discussion employs circuit 
means to secure both stability and sensitivi ty . 

In the stripped circuit of Figure 5A the required 
lockup feature is performed by the common emitter coupling 
resistance R1 and the cross coupling resistors shown as R2. 
Figure 6A is a simplified characteristic for such a circuit 
which assumes that both transistors have identical character­
istics and that each transistor acts separately as a two­
terminal device. This assumption is not necessarily the case, 
but it will serve to illustrate the point under discussion. 
The ON unit is assumed to be stable at point B, the intersection 
of the load line R1 with the characteristic. Because of the 
coupling action of R1, the OFF unit must be stable at point A 
at the same emitter potential. It can readily be seen that 
positive triggering pulse must have an amplitude greater than tJ· 

The effect on the characteristic and load line of 
adding component R3 and RV1 in the stripped circuit of 
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Figure SB is illustrated on Figure 6B. The ON unit has 
the same operating point Bas before. Instead of the OFF unit 
operating at point A, however, the diode in series with its 
emitter is biased in the reverse direction, resulting in the 
new load line, E-E', for the OFF unit. E-E' intersects the 
normal characteristic at point C with a corresponding decrease 
in triggering pulse amplitude from greater than 6 to greater 
than 8. However, the characteristics also has been modified 
by the introduction of the shunt resistance R3, causing inter­
section to occur at D instead, thereby resulting in a further 
decrease in the required positive triggering amplitude. 
Triggering now occurs if the pulse is greater than~- While 
the sensitivity has been increased materially no concession has 
been made to the stability of the states of the circuit. This 
design feature has been applied to both stages of the binary 
counter circuit as shown. 

1.23 Composite Characteristic of Counter 

An approximate emitter characteristic for one of the 
two transistors of the counter is depicted on Figure 7. The 
base stabilization feature assures that the turning point of 
the characteristic will be very close to zero voltage, and if 
the stabilizing current is larger than that required to 
balance the Ico, there will be a region where the negative 
resistance is essentially determined by the series base 
resistance (RB, R9, Figure 2) and the diode resistance, say 
2500 ohms. When the shunting diode switches to its high 
resistance state, the negative resistance is determined by 
the total series base resistance (RS & RlO, R9 & R11, Figure 

2), approximately 12,200 ohms, neglecting the shunting effect 
of the diode resistance. 

If the assumption is made that transistor TR-2 is in 
the ON condition, the diode in series with the emitter (RV6) 
will be in its low resistance condition, and the emitter load 
line (shown as load line 2 in Figure 7) for TR-2 is then 
(R12 + RV6), about 2200 ohms, intersecting the origin. The 
stable ON point for TR-2 is then the intersection of this load 
line with the characteristic at B. However, since transistor 
TR-1 is in the OFF condition, its emitter current is slightly 
negative and its series diode (RV5) will be in its high resist­
ance state. This determines the emitter load line slope for 
TR-1, and its biasing potential is set by the emitter current 
of TR-2 passing through R12. This voltage may be calculated 
by: 

( l) 
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Graphically, the biasing voltage may be determined by taking 
the emitter voltage represented by the stable point Band 
multiplying it by the ratio of R12 to R12 + RV6. 
We may then draw the emitter load line for TR-1, from the 
voltage axis intercept of the determined potential. This load 
line intersects the characteristic at point A, the OFF stable 
point for TR-1, very close to the turning point of the 
characteristic. 

1.24 Mechanism of Triggering 

The binary counter circuit is triggerable with either 
positive or negative pulses, provided the proper steering diode 
polarity is observed. With the circuit as shown in Figure 3-2, 
the steering diodes are connected for positive pulse triggering. 
Steering is accomplished by the difference of potential exist­
ing between ON and OFF unit base connections. The base of an 
ON unit is always 5 to 10 volts more negative than the base of 
an OFF unit. Therefore, a positive pulse appearing at the input 
terminal will be impressed upon the base of the ON unit. Because 
of the low impedance from base to emitter in the ON condition, 
this pulse appears also on the emitter of the ON unit. The 
coupling capacitor C3 passes this pulse to the emitter of the 
OFF unit which is at high impedance. Since the OFF unit is 
stable at a point very close to the turning point in the 
characteristic, it will be triggered. The resulting very sharp 
pulse of about 20 volts amplitude, 0.2 to 0.3 microsecond rise 
time appearing at the collector of TR-1 due to this triggering 
action is passed by means of the cross coupling capacitor C1 
back to the base of the ON unit. This results in an abrupt 
shift in the characteristic of the ON unit in a positive direc­
tion. If the characteristic is shifted sufficiently so that 
the emitter load line 2 (Figure 7) no longer intersects the 
characteristic, the only stable point remaining is in the OFF 
stable region. Thus the collector voltage becomes more ne~a­
tive, following the time constant of the cross coupling capaci­
tor C2 and its associated discharging resistance. It is this 
time constant which sets an upper limit to the repetition rate 
of the counter. 

The coupling capacitor C3 performs an important role 
in addition to passing the pulses from the ON emitter to the 
OFF emitter. In effect, it maintains the potential differential 
existing between the emitters (of the order of 5 to 10 volts) 
during the triggering interval, and thereby assures that the 
steering diodes will remain polarized correctly until the end 
of the transition period. Thus there is no possibility of the 
ambiguity of having the same pulse cause two transitions or 
changes in state. 
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Typical waveforms existing at the collectors during 
a triggering transition are illustrated in Figure 8. These 
waveforms verify the above analysis of the triggering action. 
Thus a short time after the incidence of the positive trigger­
ing pulse, the OFF unit is triggered toward the ON condition. 
The duration of the delay depends primarily on the amplitude 
of the pulse. The sharp positive wavefront which is passed to 
the base of the ON unit triggers the ON unit towards the OFF 
condition. The wave shapes illustrate that the triggering is 
independent of triggering pulse length greater than a certain 
minimum value, largely determined by the amplitude of the pulse. 
A portion of the triggering pulse appears on the collector of 
the ON unit, as shown. 

Triggering with negative pulses may be accomplished 
by reversing the steering diodes thereby insuring that a nega­
tive pulse on the input terminal will be impressed upon the 
base of the OFF unit. A typical waveshape for this type of 
triggering is illustrated on Figure 9. 

2.0 Characteristics of Binary Counter Stage 

The binary counter circuit illustrated in Figure 3-2 
has the following characteristics: 

2.10 Triggering Pulse Requirements 

a. Polarity: Positive or Negative 

b. Amplitude: >3 to 6 volts (average ,-,,3 volts) 

c. Duration: >o.6 microsecond 

2.20 Repetition Rate 

a. Oto 50 kc with circuit as shown. 

b. 30 kc, approx. 100 kc with C3 and cross-connecting 
capacitors c1 and c2 reduced to 100 micromicrofarads. 
Other circuit constants may require some optimizing 
for maximum performance at higher rates. 

2.30 Output Pulse 

Amplitude: 16 to 25 volts (average ~20 volts) 

Rise Time: 0.2 to 0.4 microsecond 

Fall Time: 2 to 4 microseconds 
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2.40 Power Supply Stability 

Collector Supply: -45 ± 15% 

Base Bias Supply: T33 ± 15% 

2.50 Transistor Requirements 

In general, transistors meeting the tentative specifica­
tion for the Al698 Switching Transistor will operate 
successfully in the circuit. In addition, degradation 
due to temperature effects and aging may be tolerated to 
a large degree. Units having Ico values in excess of 
3 ma have operated successfully in the circuit, whereas 
the specification maximum is 2 ma. 

2.60 Power Input 

Total Power~ 0.5 watt approx. 

3.0 Discussion of Working Applications 

Approximately 10 of these binary counter stages have 
been constructed as breadboard models in the laboratory for 
general usage. In addition, 4 stages incorporating a modifica­
tion to permit direct operation of a reed type relay have been 
incorporated in a demonstration model. 

It is proposed to use the counters to perform various 
timing and registry functions , and to 
serve as elements in a reversible binary counter. For these 
applications, the counter stages will be packaged using the 
11 Auto-Sembly 11 process developed by the Signal Corps. The 
package will occupy a volume of approximately 1 by 1 by 2 inche~ 
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A TRANSISTOR REVERSIBLE BINARY 

COUNTER 

The purpose of this report is to explain the opera­
tion of a Reversible Binary Counter and to describe the appli­
cation of various transistor circuits to the development of 
such a counter. 

1.0 General 

A binary counter may be defined as a counting mecha­
nism which is capable of translating a series of input pulses 
into a binary code corresponding exactly to the sum of the mlln­
ber of pulses impressed. A Reversible Binary Counter (REC), in 
addition, should be capable of performing the function of sub­
traction as well as addition under the influence of some control 
or memory function. This means that if the control function 
indicates that addition to the binary sum already present in the 
counter .is required, the next triggering pulse impressed on the 
input to the device will cause an additional binary digit unit 
to be stored. If the control function indicates that subtrac­
tion is required, the next impressed triggering pulse will cause 
a binary digit unit to be subtracted from the stored code. 

2.0 Theory of Operation of a REC 

2.10 Functional Conventions 

An eleaentary functional diagram of a RBC is shown in 
Figure 1. The following conventions are assumed in describ­
ing this figure: 

1. The leads which register the state of a particular binary 
counter stage are designated A and B. The states between 
which a lead will change are defined as O and 1, where 1 
is more positive than O. 

2. The binary counter stages are assumed to contain two 
active devices, such that if leads designated A register 
a state corresponding to 1, the leads designated B will 
register a state corresponding to O, and vice versa. 

3- Assuming that a counter stage is arranged so that it 
responds only to a positive pulse impressed upon its 
count input lead, a change in state from 1 to O of the . 
output lead to which a count input connection to the fol­
lowing stage is made, will cause no change in the state 



of the following stage. However, a change in state from 
Oto 1 will cause a positive pulse to be impressed upon 
the count input lead of the following stage, causing it 
to change states. 

4. The gating functions represented on the figure by simple 
switches are assumed to act in unison, making simultaneous 
connections to all A or all B leads under some control 
stimulus. In addition, this operation of switching is 
assumed to occur a sufficient time after a triggering 
pulse has appeared at the count input to the RBC so that 
all resultant changes in state of the counter will have 
already occurred. It is also implicit that switching 
between all A or all B leads must have occurred before 
the incidence of the next triggering pulse. 

5. By the rules of translation between decimal and binary 
numbers, a 1 appearing on the B lead of the first stage 
has a weight of 1, a 1 appearing on the B lead of the 
second stage has a weight of 2, and a 1 appearing on the 
B lead of the third stage has a weight of 4, etc., so that 
a 4 stage binary counter can register all numbers between 
0 and 15. 

2.20 Discussion of Operutio~ 

Considering Figure 1, and the binary code repre­
sentation illustrated, we may assume that the state present on 
the registry leads B for all stages is 0, and that under the 
influence of the control function, the interconnecting gates 
are all connected to the A leads to perform the addition func­
tion. Then a positive triggering pulse impressed upon the 
counting input lead will cause Stage 1 to assume the 1 state 
on its registry lead B, and since the A lead changed from 1 to O, 
no positive pulse is transmitted to the next counter stage and 
no further action follows. 

Count pulse 2 causes st3ge 1 to change state again so 
that a O condition appears on the registry lead. However, in 
this case the A lead changes from Oto 1 and a positive pulse 
is passed to stage 2, causing it to assume the condition 1 on 
its registry lead. A 1 on the B lead of stage 2 has a weight of 
2, corresponding to tre number of pulses impressed on the count 
input lead. 

Count pulses 3 and 4 similarly cause further charges 
in state of the counter, resulting in the code being set up as 
illustrated in Fig. 1. 
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At this time assume that the control function 
receives information to the effect that the succeeding pulses 
should be subtracted from the binary sum already present on 
the counter stages. The control function therefore causes all 
the switches to make simultaneous connections to the B leads, 
in order that subtraction may be performed. 

Count pulse 5 causes stage 1 to change state so that 
a 1 appears on its B lead, and since this is a change from o to 
1, a positive pulse is passed to the second stage, and a 1 
appears on the B lead of the second stage. This results in a 
positive pulse to the third stage and a O appears on its B 
registry lead. Since the B lead of the third stage changed 
from 1 to 0, no positive pulse is passed to the fourth stage 
and no further action follows. If we examine the binary code 
appearing on the registry leads of the counter, it corresponds 
to the code set up for the third count pulse. Thus the fifth 
count pulse has resulted in subtraction. Similarly, count 
pulses 6, 7 and 8 cause the binary counter stages to operate 1n 
such a manner as to revert to the starting condition. 

Thus a binary counter, with switches so connected 
that the count input lead for the following stage may be 
switched from one output lead to another, may be made reversible 
so that it performs the arithmetic function of subtraction as 
well as addition. 

3.0 Circuit Element of the RBC 

3.10 Gating Function 

With the aid of the neuron notation, a functional 
representation of the RBC is shown on Figure 2. From this 1t 
can be seen that one method of performing the required switch­
ing utilizes threshold two gates in which one of the enabling 
inputs is a step voltage from a Memory function, and the other 
is the positive pulse obtained from the binary counter lead. A 
transistor gated amplifier which is capable of performing this 
gating function has been developed and is described in Report 2. 

3.20 Memory Function 

The Memory function for the control of the gated 
amplifiers must provide the proper biasing potentials in the 
form of two step voltages. One of these is applied to all the 
A gates in parallel; the other to all the B gates in parallel. 
It must be capable of changing state, that is, reversing the 
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3 tep voltages, under the control of operate and clear func­
tions, usually designated Set 1 and Set O. Th~ operate or 
set 1 will impress a step voltage on one input of the A gates 
of a value such that a positive pulse impressed upon the other 
input connection of an A gate will be transmitted to the next 
binary counter stage. The corresponding step voltage impressed 
simultaneously on the B gates will be of a value such that the 
B gates will be inhibited. In a similar fashion, a clear or Set 
o signal will result in inhibition of the A gates, and corre­
spondingly the excitation of one of the B-gate leads such that 
a positive pulse impressed upon the othar B-gate input connec­
tion will be transmitted to the next binary counter stage. A 
two-transistor stabilized bistable circuit which is capable of 
meeting these requirements has been developed.* 

3.30 Counting Functions 

3.31 For Usage as a Simple Binary Code Register 

The requirements placed upon the counting stages 
where the RBC is to provide simple indication of the binary code 
registered upon the respective weighted stages, for example, 
by means of current indicating meters in the register leads, are 
as follows: 

a. The stage must be capable of being triggered by the 
positive pulse output of a transistor gated amplifier. 
This requirement is not difficult to meet, since the 
amplifier output waveform may be adjusted as to du-ra­
tion and rise time, within limits, and the amplitude 
(25 to 35 volts) is sufficient to operate succeeding 
transistor circuits with large margins. 

b. The voltage step function present upon each output lead 
must be capable, when differentiated, of providing a 
positive pulse of sufficient amplitude to trigger a 
transistor gated amplifier, when the latter is enabled 
and must not be large enough to trigger it when it is 
inhibited. 

-It 
The two transistor stabilized binary counter stage 

meets these requirements. In partic­
ular, the margins of operation in meeting requirement (b) are 
discussed in Appendix A. 

3.32 For Usage as a DiTect Arithmetic Register 

The requirements placed upon the counting stages 
where the RBC, in addition to providing simple indication of 

*"A Stabilized General Purpose Two Transistor Binary Counter 
Stage", by R. L. Trent. 
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the binary code registered upon the respective stages, must 
also provide a direct arithmetic indication of the binary code, 
are as follows: 

a. Same as for 3.31a. 

b. Same as for 3.31b. 

c. The stage must also activate some additional gating func­
tion permitting a weighted current or voltage to be 
racked up in a supplementa~y indicating device. 

4.0 Circuit Diagram of Reversible Binary Counters 

4.10 Binary Code Register 

The circuit elements as described in section 3 were 
interconnected as shown in Figure 3 to provide an experimental 
verification of the feasibility of application of the particu­
lar transistor circuits described. In addition, decoupling net­
works were incorporated in power supply leads, and in step 
voltage gating leads from the Memory function to the transistor 
gated amplifiers, to prevent common impedance coupling between 
collectors. 

The circuit as shown operated successfully as a RBC 
at repetition rates up to approximately 30 kc. The input trig­
gering pulse was about 1 microsecond long, of 3 to 6 volts 
amplitude. 

4.20 Direct Arithmetic Register 

The circuit elements as described in section 3 were 
interconnected as shown in Figure 4 to provide an experi­
mental model of a 16-count RBC with arithmetic translation of 
the binary code. The circuit element building blocks making up 
this RBC are shown on Figures 5, 6, and 7, and consist of: 

11A Stabilized General Purpose Two Transistor Binary Counter 
Stage", by R. L. Trent. 
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a, Gating Function (Figure 5) - The gates are transistor 
gated amplifiers operating under the conditions dis­
cussed in Appendix A. 

b. Memory Function (Figure 6) - The memory function is a 
bistable circuit basically the same as the binary 
counter except that the input is arranged for setting 
(OPERATE and CLEAR) instead of scale of two counting. 

c. Count Pulse Input (Figure 7) - The counting pulse is 
obtained from a one-shot multivibrator which impresses a 
positive triggering pulse of about 20 volts, 10 micro­
seconds long on the count input connection of the first 
binary counter stage, under the manual control of a 
pushbutton. 

d. Arithmetic Register - The register circuit consists of 
resistors, in series with the contacts of the relays, so 
chosen in value that the first relay when operated, places 
an increment of 1 ma on the indicating meter, the second 
relay an increment of 2 ma, the third and fourth relays 
increments of 4 ma and 8 ma respectively. Thus 
increments from Oto 15 ma, corresponding to a 4 digit 
binary code, may be registered on the meter. 

The experimental model, illustrated in the photograph 
of Figure 4-S, has been operated manually and in addition has 
been operated dynamically from an external triggering source up 
to approximately 320 cycles per second. It has been observed 
that variations in the relay contact characteristics play a 
large part in determining the operate time of a relay. In 
general, consistent operation at manual pulsing rates has been 
observed and this method of operating the relays directly from 
the binary counter stages may be practical. 
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Appendix A 

The purpose of this appendix is to describe and 
illustrate the margins of operation of a transistor gated ampli­
fier when used as a gated interstage between two stages of 
binary counters. The general charac-
teristic of the gated amplifier is shown on Figure 9 in 
which _the negative emitter current scale is enlarged for 
illustrative purposes. If we assume that the transistors used 
in the bin8ry counter stages and in the Memory function will 
have Ico values between 1 ma and 3 ma, this assumption, together 
with a knowledge of the circuit constants, will enable the 
calculation of the variations in ON and OFF condition collector 
voltages. This in turn gives a direct indication of the step 
voltage output from the Memory, which acts as the sensitizing­
inhibiting means for the gated amplifier, and also the voltage 
output of the positive pulse from the counting stages. 

A. OFF Condition Collector Voltage Variations 

The calculation of OFF condition collector voltage 
variations may be made as illustrated on Figures 10 and 11. 
Experimental verification of these calculated values has been 
made with excellent agreement. We may therefore assume that 
the variations lie between -30 and -35 volts. 

B. ON Condition Collector Voltage Variations 

The calculation of ON condition collector voltage 
variations is somewhat more complex since it involves both 
emitter and collector circuit currents. However, this calcula­
tion has been made and experimentally verified resulting in 
variations between -11.2 and -15.6 volts. 

From the above results we may therefore calculate the 
minimum and maximum pulse amplitude obtainable from a collector. 
These amplitudes are +14.4 and +23.8 volts respectively. 

On Figure 9 then, we may indicate the range of 
variation between the ON and OFF condition biasing voltages for 
the emitter load lines. These may be transl2ted, by plotting 
the load lines, into variations in triggering volta ge amplitude 
r€quired. 

The conditions which must be fulfilled to prevent 
ambiguity are: 
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( l) 

(2) 

The lowest triggering voltage obtained from a binary 
counter stage (calculated as +14.4 volts) must be 
capable of triggering the threshold two regenerative 
gate under all conditions of biasing set up by the 
Memory step voltage when transmission is desired. 
(-11.5 ± 2.0 volts) 

The highest triggering voltage obtained from a 
binary counter stage (calculated as +23.8 volts) 
must not trigger the threshold two regenerative gate 
under any conditions of biasing set up by the step 
voltage control function when it is desired to 
inhibit th~ gate. (-27.5 ± 2.5 volts) 

Since both of these conditions are met with margins 
of about 1 volt under the most adverse conditions to be 
expected the usage of the transistor amplifier as a gate is a 
feasible solution. Obviously, condition (2) may be improved 
by the insertion of a diode limiting network to clip the trigger­
ing pulse amplitude at some level, say 20 volts. 
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Assumptions 

I 11 RV 1 and Rv 2 are i:erfect switches: RV1 open, RV2 closed . 

121 The ON condition base voltage is constant at -10 volts. 

131 Variations from 1 ma to 3 ma in 'co result in variations 

from 40 Kn to 12 KO in r 22· 

Replacing 18 KO and 42.2 K!l in (al with equivalent gener­
ator and internal resistances results in the circuit shown 
below, which permits computing the voltage at A. 

- 7 V 12.&KQ 4.7 KU 
o---(])---,vA-----+--'VV\r-- - 4 5 

- A 

Then i = 2.2 ma, and the voltage 
at A is the sum of -27.8 volts and 
-7.0 volts, a total of -34 .8 volts. 
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L 

Fig. 11 (Also see Fig. 10) 
Calculation of OFF Condition 

Collector Voltage for Ico = 3 ma 

Replacing 18 Kn and 14.2 Kn in (bl at left with 
equivalent generator and internal resistances results 
in the circuit shown below, which i:ermits computing 
the voltage at A. 

Then i = 3.2 ma, ana the voltage at A is the sum 
of -25,6 volts and -4.4 volts, a total of -30 volts. 

Thus the OFF condition voltage varies between 
-30 volts and -34.8 volts. 
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FOUR STAGE BINARY COUNTER 

A demonstration model of a four stage binary counter, 
employing packaged transistor circuits, was constructed. The 
model was prepared to illustrate the practicability of a 
packaged Ml745-l Binary Counter stage driving another stage 
without intervening amplification. 

The counter consists of 4 binary counter stages, 
each of the last three being driven by the preceding stage, 
and the first being driven by a transistor pulse generator. 
Accordingly, the counter has 16 states (counts 0-15). The 
state of each stage, and consequently of the counter as a 
whole, is indicated by a set of neon lamps. 

The pulse input source consists of a packaged free­
running multivibrator (Ml731-l Regenerative Gated Amplifier) 
providing pulses at approximately 20 cps. Visual indication 
of the binary counter states is provided by neon lamps. The 
model is operated from unregulated rectifiers of -90 volts and 
+33 volts respectively. A voltage divider is used on the -90 
volt supply to obtain the -45 volts required for the M-1745-1 
Binary Counter stages. 

The complete circuit of the model is shown on 
Figure 1. 

Circuit Description 

The Ml731-l Regenerative Gated Amplifier is caused 
to operate free-running by biasing the emitter load resistance 
positive such that the load line will intersect the character­
istic in the negative resistance region. The slow rate of 
20 cps is achieved by insertion of a 1.0 megohm resistance in 
series with the 0.1 megohm emitter load provided in the 
package, and adding the 0.25 rnf capacitor from emitter to 
ground. 

The output pulse from the free-running MV is con­
nected to the first binary counter stage through a simple diode 
steering circuit designed to pass the pulse alternately to the 
bases of the two transistors depending upon the prior state of 
the binary counter. 

The OUT 2 leads of all the binary counter stages are 
connected to neon lamp indicators. The circuit is arranged so 
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that when a collector is ON (at about -10 volts) the voltage 
drop across the lamp is sufficient to initiate the glow dis­
charge. When ignited the lamps have a fairly constant sustain­
ing drop across the discharge in the order of 55-60 volts. 
Wh~n a collector changes from ON to OFF (at about -30 volts) 
almost the entire change is impressed across the lamp, thus 
decreasing the voltage drop across the lamp below the sustain­
ing value, and extinguishing the glow discharge. 

In order to cause the binary counters to act as 
pulse adders, the output to a following stage is taken from 
the OUT l collectors in each stage. The steering circuits 
interposed between binary counter stages have the advantage 
of inherently suppressing the small positive pulse which 
appears at the collector of an ON unit when it is triggered 
OFF, thus avoiding ambiguity. 

Results and Conclusions 

The model has operated successfully in several 
demonstrations, and has also been in continuous operation for 
several ~8 hour periods without failure. The photographs of 
Figure 2 and 3 illustrate package and wiring sides of the 
model. 

It has been shown that Ml745-l Binary Counters which 
meet the test requirements may be successfully cascaded without 
intervening amplification. 
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DIODE GATES 

This report and the one on "Anticoincidence or 
'Not And' Gate" constitute a preliminary investi~ation of 
devices which should satisfy most of the basic gate require­
ments of the system. They are prospective "And" or "In­
hibited" gate and "Not And" gate packages. 

Both the transmission type and the switching type 
gate (discussed here) meet several of the probable system 
requirements with ample margin; for example -

1. Discrimination 

The ratio of output voltage when the gate is enabled 
to that where the gate is disabled can be made 50 db or better. 
Since 30 db is probably adequate, this puts very mild limits 
on thermal and manufacturing variation of the diodes. 

2. Levels 

Input and output voltages of the order of 20 volts 
should be adequate for the system and are practical for the 
gates. 

3, Impedances 

The 2K load used in the experimental set up is about 
average for the system now projected. The gates are apparently 
operable over a range of terminations from lK to lOK and 
presumably over a wider range if p-n junction diodes are used. 

This covers all but r2ther 
extreme requirements. 

lt. Band Width 

No quantitative information has been obtained on 
band width, but the band width of the standard germanium 
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r 
diodes seems to have a liberal margin over requirements and 
from what evidence is available, the p-n junction diodes should 
also be adequate. 

The limitations of the gates are: 

Transmission Type 

The control pulse "pedestal" effectively limits us to 
a 2/1 range of useful output and adds a rather critical 
minimum trig~erin; requirement to devices following the 
gate. This could be avoided by auxiliary circuits but 
involves considerable complication. 

Switching Type 

The switching type gate has no pedestal difficulties 
but when working i nto and out of equal impedance, has a 
loss of about 6 db in voltage. This looks much less 
difficult from an engineering viewpoint than the pedestal. 

A gate which has not been investigated, is the 
"Transistor Gate". This is essentially a transistor amplifier 
with a gate of the type described here built into the base. Our 
present feeling i s that a separate buffer amplifier package is 
preferable to combining the two in a single unit. 

The "Not And" 6ate c.escribed could be a collection of 
packages rather than a single unit. In any case, requirements 
and specificati ons can better be discussed in terms of the parts. 

Switching Type Gat e 

In a previous investigation a transmission type diode 
gate was studied both analytically and theoretically. The con­
clusion was that this gate is a valuable device but for switch­
ing and pul sing techniques it has one serious limitation; the 
control pulse pr oduces an output of the same order of magnitude 
as the signal or, in other words, the signal output is super­
imposed on a "pedestal". 

Two-control switching type gate is discussed here 
which eliminates this defect. (Figure l) This circuit haE 
ch8racteristics quite different from the transmission gate but 
seerr,s to perform the essential functions (as far as switching 
circuits are concerned) very well. 

Here we have three diodes (Dk ) as shown, a high 
impedance or constant current, bias ( ib ) and two control inputs. 
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R1 and R2 are the generator impedances of the control sources 
and V1, V2 the voltages which are actually impressed on the 
diodes. 

If either V1 or V2 is sufficiently neg a tive the cor­
responding diode, D1 or D2, is conducting and Vb is negative. 
Thus ib flows through D1 or D2 and the load is isolated from 
all potentials by the high impedance ~3. If both E1 and E2 
are suitably positive, D1 and D2 are biased high impedance, Vb 
is positive, and ib flows in RL giving an output. The two 
controls ( and additional ones) can be used either for enabling 
or disabling the gate. For example if E1 and E2 are both 
negative biases, positive sign8 ls are necessary on both con­
trols to produce an output. In this case we have an "And" or 
"Coincidence" gate. If E1 is negative ar.d E2 positive, con­
trol 2 is an inhibiting control. A positive signal on 1 pro­
duces an output, but a simultaneous negative signal lets ib 
flow through D2 and holds the gate disabled. 

One can readily s~t up for idealized diodes (switch­
ing between zero and infinite impedanc e) the c hara cteristics 
and requirements. (A better approximation and an analysis is 
appended.) 

The output when the gate is enabled is independent 
of signal amplitude: 

For disabling the gate, the bias must satisfy: 

El< -R-1 ib 

This insures that Vb is negative and D3 non- conducting, 

The bias in the i~hibiting control must satisfy: 

If this bias is smaller, V1 and Vb cannot ris e to mnximum out­
put without D2 becoming conducting. A smaller bia s oroduces a 
limiter action, the output rising to the bias value and 
stopping there. 

The signals have requirement s simila r to those on 
the biases. To enable the gate, a signal mus t satisfy: 
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and to disable it the inhibitor voltage must satisfy: 

E2 < -R2lb. 

These requirements show the main defect of the device. 
In return for eliminating the "pedestal II of the transmission 
gate we must take a voltage loss of around 6 db when the gate 
1s working between equal impedances. For example, if R1 = RL 
the bias must be, 

and the maximum signal must be, 

Thus the signal swing must be greater than 2 R1 ib in order to 
obtain an output RL ib, 

Figure 2 illustrates the behavior of the gate. The 
diodes are 400A's and the load impedance 2000 ohms. Two cases 
are shown, the normal operation (V2 = 15) and operation when the 
output is limited by a small inhibitor control bias (V2 = 5). 
The crosses and circles are experimental values and the solid 
lines comput~d curves based on the assumption that the diodes 
switch from 200 ohms to 1. 25 megohms. At around 10 vol ts signal 
the discrimination is of the order of 50 do in voltage. 

The new p-n junction diodes a~e promising for this 
application. They can be made with lower forward resistance 
and higher back resistances. They should give us greater dis­
crimination and a much wider voltage range. 

Analysis 

As a matter of convenience, the circuit of Figure l 
may be expressed in terms of voltages and conductances 
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In these equations G1 is the conductance of the 
series combination of R1 and the series diode; G2 is the simi­
iar combination for R2; G3 L, the conductance of the diode in 
series with the load and GL = FfL · 

The diodes are assumed to switch between two values 
1 and 1 that g = R G = - such r 

g << 2-<< 
RK 

G K = 1, 2 L 

The general solution is 

There are several cases, depending on the magnituaes 
of Vb, The cases may be considered in connection with 
Figure 2 . Starting with the disabled case we have 

Case 1 E2 > O, El < Vb < 0 

Here 

Gl 
1 

= iii , 

G2 ~ g, 

G3 = g, 

ib + l_ El + g E2 Rl 
Vb = - Rl ib + El' 

1 g GL 

Rl 
+ g +--

g+GL 
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R 
V L ( H . E ) 

L = R 1 1 b + 1 

. T~is stops when VQ = 0 or E1 - =R11b. On Figure 2 
this point lS vl = - 1, VL - 0. 

case 2 v>E > R · v>o b 1 - 1 1 b' b ' 

Gl 
1 

=R 
1 

G2 - g 

G3 = G 

ib 
1 

E2 + R El + g 
Rl ib + El 

Vb 
1 = G GL 

-
Rl 1 

Rl + G' +-- 1 +--0 G+GT Rr+r 
.L, ..., 

When E2 is sufficiently large this t> hase continues until 
Vb= V1 (V1 = 11 volts on Figure 2 ) . At this point the cur­
rent through R1, D1 must be zero so 

Rl ib + El 
V = El = 

Rl b 
1 +--

Rr+r ..., 

El = (RL r) ib 

Case 3 El > (R1+r) ib' V,?'O, vb<vi 

Gl = G2 - 0' 
0 

G3 = G 
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ib + g(El + E2) 
Vb = - (RL + r) ib 

2g ..I. 
+ R +r 

L 

VL 
RL 

= R
1

+r rb = RL ib 

In case E2 is not greater than RL ib, Vb becomes 
greater than E2 before full output is attained, as illustrated 
in the case Vz = 5 on Figure 2 . This gives two different 
combinations, first with all diodes conducting and second with 
the signal path blocked but the other two diodes conducting. 
These cases are readily analyzed in the same mann~r as the 
others. 
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ANTICOINCIDENCE OR "NOT AND" GATE 

An anticoincidence or "Not .l\nd 11 gate is a gate with 
two inputs. It produces an output when a single enabling 
input is impressed on either input but no output where there 
is no inout or when there are two coincident inputs. The 
usual serial adder system uses this type of gate. 

Some study has been made of these gates - in 
particular, considering the difficulties that the lack of 
exact coincidence of the two inputs may cause. The basic 
unit used (Figure 1A) is a simple switcM.ng type diode gate 
with one enabling control and one inhibiting control. This 
unit has previously been discussed. It serves our purpose 
very well except for one inconvenience - the inhibitor con­
trol pulse must have opposite polarity to t~e enabling con­
trol pulse. There would be some advantage to being able to 
operate both controls from pulses of the same polarity. 

In devices such a~ computers where the control 
pulses may be made coincident with a high degree of precision 
an anticoincidence gate can be made with two such uni ts. The 
gates are connected with their outputs tied together. Sig­
nal 1 enables gate 1 and signal 1 (inverted) inhibits gate 2. 
Similarly signal 2 enables gate 2 and inhibits gate 1. Thus 
either signal, by itself, produces an outpu~ but the two 
together block each other. This obviously assumes such 
accurate coincidence of the control pulses in time and form 
that no pulse could produce an output before a "coincident 11 

pulse inhibited the gate. 

Since this high precision of synchronization is dif­
ficult or impossible in sofile casess an anticoincidence gate 
has been developed and testea which defines a coincidence 
interval and produces no output when the signal pulses are 
within such an interval. Figure l B shows the circuit 
scher:iatically and Figure 1 C shows the time sequence of the 
pulses at various points in the system. In this system sig­
nal l is impressed on a monostable flip-flop (FFl) which puts 
out a negative pulse of duration 2~. This p~lse is impressed 
on the inhibiting control of gate 2 ( G 2 ). Signal 1 is also 
passed throur;h a delay network ( D 1) which del::iys it a time r 
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and impresses it on the enabling control of gate I (G 1). Sig­
nal 2 is similarly impressed on flip-flop 2 (FF2) and delay 2 
(D 2). A study of the time sequence diagram ( Figure 22C) shows 
that if the time interval between the two signals is less than 
~, they will effectively block each other. In Figure 22C the 
dashed pulses show the outputs which each signal would have 
produced in the absence of the other. 

In the actual embodiment FFl, FF2 Dl and D2 were all 
monostable flip-flops of the type described by A. E. Anderson*. 
The delayed pulse was obtained by differentiating the trailing 
edge of the flip-flop output. The gates Gland G2 used 
W.E. 400A diodes and operated into a 2000 ohm load. The system 
operated and gave evidence that the device is a practical one. 
It had certain limitations due to the type of flip-flop. This 
flip-flop will produce only a pos~tive pulse with steep leading 
and trailing edges and that pulse is far from flat topped. For 
this reason the inhibiting pulse is necessarily positive so the 
signal pulse must be negative. The imperfections of the wave 
form of the inhibiting pulse also produced an undesirable transi­
tion interval during which a partial pulse appeared at the output. 

For this purpose a monostable flip-flop package should 
produce a pulse with steep edges and a flat top and it is 
desirable that pulses of either polarity be obtai~able from it. 

An alternative circuit, in cases where the operation 
of the sys tern is under the control of a "shift pulse" is shovm 
(Figure 2 ). Symmetric flip-flops which simultaneously produce 
a positive and a negative potential are needed for this. This 
sort of bis~able unit always presents, at two diffe~ent termi­
nals, one of which can be used for enabling one control of a 
gate and the other simultaneously inhibiting another gate. The 
gates have three controls, two enabling and one inhibiting. 
There must be enabling signals on both the enabling controls and 
no inhibiting signal for the gate to produce an output. When 
a signal is present the flip-flop impresses an enabling poten­
tial on one gate and a disabling potential on the other. 

The sequence of operations is as follows. The shift 
pulse is impressed on one enabling control of each gate. If 
there is no signal present, neither gate has its second enabling 
control activated so there is no output; if there are two signals 
present, both gates are inhibited; when only one signal is 
present, one gate is uninhibited and has both enabling controls 
activated so that an output is produced. After a brief and 

*"A Stabilized Transistor Delay and Switching Circuit", by 
A. E. Anderson. 
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non-critical delay the shift pulse operates to set up the 
next pair of signals. 

The flip-flops may be the output units of shift 
registers which are operated by the shift pulse or the shift 
pulse may enable gates to let the next pair of signals 
operate the flip-flops. In case of synchronous operation 
the flip-flops would be reset by the next pair of signals 
without the aid of the shift pulse. 
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STORAGE AND ADDITION OF BINARY NUMBERS 

0.0 Problem 

This report describes means for storing, shifting, 
and adding binary numbers. The immediate aµrlication is to 
fill a need for accepting two large binary numbers presented 
instantaneously in space division, addin,Q" these numbers, and 
passing out the sum, digit by digit in time sequence. The 
design is based on the use of transistors. 

0.1 Evaluation of Work 

Work on the necessary circuits and semiconductor 
devices was undertaken because such work was judged to show 
promise of giving smaller equipment with longer life and less 
power drain than would be practicable with a design based on 
electron tubes. An adder and nine stages of shiftable (shift) 
register have been built and operated. It appears that such 
equipment has very good reliability and the desired small size 
and power drain. Life performance has not yet been fully 
determined. 

The functions of registering (remembering or storing) 
digits, shifting digits, and .adding numbers are widely used. 
It appears that equipment like that descri bed herein could be 
used with similar advantages in systems other than the immediate 
one. 

0.2 Outline of Report 

Part 1 of this re-;Jort covers the adde r and part 2 
covers the shift register. Pa rt 2 is div ided into sections 
covering; the shift register as a whole, t he one-bit register, 
the pulse amplifier and amplifier-delay, and interstage coupling 
networks. The pulse amplifier, amplifier-delay, and interstage 
coupling are used to shift all digits one sta ge to the right in 
the shift register in response to the program generator. "To 
the right" is used in the same sense as with numbers written on 
paper. Each digit moves into a spot previously occupied by a 
less significant digit. 

Figure 
A block diagram of the registers and adder is given in 

1. 

1.0 Adder 

1.1 Outline of Treatment in Report 

The adder work will be treated by covering first the 
broad choices of possible add~rs and then narrowing down to the 
adder as finally built. 
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1.2 Choice of Serial Addition 

The decision to concentrate on serial addition came 
about as a result of a comparison of ~he equipment requirements 
for parallel and serial addition. On the basis of this it 
appeared that serial addition ~ould require less complex com­
parison equipment than parallel addition to perform the same 
general function in this transistor system. 

It is interesting to note that serial addition can 
correspond very closely to adding by hand on paper. One first 
wr"i. te s down the numbers to be added, corresponding to parallel 
insertion of digits into the registers. Then three operations 
arc made for each pair of digits: (1) add the two input 
di~its and the previous carry (and write down, or store, the 
sum) (2) find the new carry, and remember it, (3) shift atten­
tion leftward one digit space. The electronic serial adder 
fallows this sequence for (1) and (2). In the case of (3), 
inst,ead of shifting attention leftward, the attention of the 
a cL"1er is kept ( wix·ed in) at a certain place and the input num­
bers are shifted one digit space to the right. In the two­
step, or Boolean, adder, step (1) is divided into two steps. 

1.3 Requirements on the Serial Adder 

To make the adder problem concrete and useful for 
the transmis sion system in point, the following requirements 
were place d on the adder: The adjer should be capable of 
ta'.cing digits of the two input numbe:rs from a pair of transis­
to~ one-bit reg isters and putting the sum digit into a third 
transis t or one-bit register. Any program pulses necessary for 
the opera t ion of the adder should be of a kind that can be 
produced readily by transistor circuits. The adder must accept 
new input digits presented at the rate of 601 pairs per 
second, and all operations for adding and carrying should take 
not over 200 microseconds. These requirements on frequency 
response are readil y met by transistors. 

1.4 Possible Adder Arrangements 

Several kinds of adder operation are possible, and 
the broadest choice will be considered first. 

1.5 Timing 

The most basic alternatives are whether the timing 
of the sequence of operation is controlled by circuits within 
the adder itself or whether it can be controlled by an 

- 525 -



external program generator. It may be that the sequence timing 
is controlled by passive circuits within the adder itself. Such 
an adder is called 11 free-running" and operates at its own 
chnracteristic rate. It puts close tolerances on the times 
when digits have to be presented at its input and also on the 
times when sum digits are available. In the free-running adder 
to have any tolerance at all on the closeness to perfect time 
coincidence of the two input digits, one needs complex arrange­
ments such as pulse stretching and delay within the adder. 
Close tolerances on timing make it troublesome to synchronize 
the adder with the rest of the system. For this reason, and 
to simplify the adder itself, it may be preferable to cause the 
adder sequence to operate under control of a master program 
generator. This more tractable version may be called a 
"program--controlled II adder. The advantages of program control 
seem to apply to both two-step (Boolean) and one-step 
(Von Neumann) adders. 

1. 6 Storage 

In a program-controlled adder, arrangements can be 
made to store digits permanently until acted upon. An example 
of such storage is a simple bistable flip-flop, d-c coupled 
circuit. It is conceivable that a primarily a-c coupled cir­
cuit could be used, say an oscillator tbat would stay quiescent 
to store a zero and stay oscillating to hold a one. Here still 
there is considerable dependence on d-c characteristics. 

Permanen~ storage may not always be essential in a 
program-controlled system. In the system in question, most 
parts are not left undistu:::-bed longer than 1. 67 milliseconds, 
so that any storage longer than this minimum is essentially 
equivalent to permanent storage. Under such circumstances the 
memory can be entirely a-c coupled, internally if the time con­
stants are made long enough, with some of the advantages of a-c 
amplifiers over d-c amplifiers; namely, simpler power supply 
requirements and reduction in the effects of drifts in operat­
ing point. Such an arrangement is program-con t rolled under 
normal conditions, but may clear itself spontaneously if the 
program is made too slow. All a-c coupling in a two-state 
memory needs considerable further investigation. 

The choice between these types of storage was based 
on the following considerations: Permanent storage seemed 
attractive because it was (1) applicable to program control 
with great flexibility of timing, (2) easy to make completely 
symmetrical as to the 11 one 11 and "zero" states (this is an advan­
tage for the switching-type gates of an adder)* 
and (3) easy to test by programming slowly by hand. There has 
not been time yet to study all a-c coupling at all well. On 
these considerations, it was judged that permanent storage 
should be tried first. 

i.,: 
11 Diode Gates 11

, by L. W. Hussey. 
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1.61 Electrical Representation of Digits at the Adder Input 

If, to facilitate synchronization and aid simplicity, 
the adder is to be the program-controlled type with permanent 
storage operation, the simple and natural representation of a 
digit is by the level of a voltage or current. Thus the other 
possible representations; such as modulation on a carrier, were 
not considered. To determine just what the digit levels should 
be, it iG necessary to draw on information on the nature of the 
transistor-register diglt source. In the register described 
in the Part 2 of this report, the collector terminal (of the 
output stage) seems to be the best digit source. Looking into 
this terminal, one sees in one state about -30 volts in series 
with 4000 ohms and in the other state about -10 volts in 
series with 1500 ohms. Both conditions are available, one on 
one colle ctor and one on the otr.~r, for either state of the 
one-bit reiz;ister. This then 1::. the way digits from both input 
registers and the corry register are to be presented to the 
adder. The 20 volts' difference in the two voltages is the 
nominal stimulus voltage of the adder gates. 

There is a further consideration of the relation of 
the adder to ~he di git source. The adder will cause some cur­
rent to flow in the digit source, and this current must not 
impair the ability of the register to change state and remember 
properly. It was determined experimentally that 2 ma in each 
collector terminal lead of the register, each current in the 
most unfavorable sense, was not an unduly large load in a 
register under laboratory conditions. Current was chosen to 
make the test because the switching-type gates considered for 
the adder have a constant bias current that is switched between 
input and output. 

1.62 Choice of the Baslc Systems for Performing Add and Carry 

Two basic systems known to us for serial addition 
are the Boolean and the Von Neumann. The Boolean system adds 
only two digits a t a time, so that two steps must be taken to 
add a pair of input dig i ts (giving partial sum) and then to add 
the partial sum to the previous carry. The Von Neumann system 
adds two input digits and carry digit in a sincle operation, 
giving equal weight to all three digits. Functional block 
diagrams of the two systems {with means for obtaining carry 
omitted) are shown in Figure 2. Each has its standard carry 
arrangement. In addition there is a new carry arrungement 
described that is 
applicable to either sys tern. 'l'his will be called 11 Hussey 
carry". All these carry arrangements are given as functional 
block diagrams in Figure 3. There are four possible com­
binations of add and carry. 
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The important functions within any of the adders are 
(1) gate operation, (2) storage of carry, and perhaps (3) 
amplification. The Switching Type Gate* seems ideal for adder 
operation. This gate has the very good feature that the input 
level required to prevent transmission need not lie between a 
pair of limits of level, but rather needs only to lie on the 
proper side of a single limit. Also the input level for full 
transmission needs only to lie on the proper side of a single 
limit. Gate outputs may be paralleled without added parts. 

The carry storage 
and amplification (level restoration) can readily use the 
register and pulse amplifier (or amplifier-delay) described in 
the Part 2 of the present report. 

With this information to go on, the four adder sys­
tems of interest were drawn in enough detail to compare their 
merits. Functional block diagrams of the four systems are 
given in Figures 4 through 7 inclusive. Each register 
stage shown can store one bit (one binary digit) of information 
permanently. Each register has two symmetrical outputs whose 
conditions reverse when the stored information is changed. In 
the drawings, the following convention will be observed: The 
signal to which a gate responds is the signal that stands on 
the upper right output of the register when the register is 
storing a one. The same signal stands on the other output when 
the register is storing a zero. This convention is an aid to 
using the functional diagrams as simplified diagrams of the 
complete, detailed, system. 

Because of the symmetry of the digit sources, we have 
the choice of representing a one at the adder output by a pulse 
(coincident with the 11 add 11 pulse) and a zero by no output pulse 
at the time of the "add II pulse; or vice versa. We have chosen 
the former as being intuitively more natural. This choice fits 
in with the use of a common "set-to-zero" for shift in the shift 
register. Shift systems are discussed in Part 2 of this report. 
Most efficient use of the adder output is also discussed in the 
same section. 

One may note that the Von Neumann adder, regardless of 
the type of carry, uses a 3 input, threshold 11 1 only" function. 
This function is realized differently for standard carry and for 
Hussey carry, as shown in Figures 8A and BB. The reason for 
using a somewhat more complex arrangement in the standard 
Von Neumann adder is that the "3 input, threshold 2 11 function 
needed for carry is thereby obtained without extra parts. 

*"Diode Gates", by L. 1:. Hussey. 
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The relative merits of the four systems are compared 
In a quantitative way in Figure 9. This is a table giving a 
numerical comparison of eleven features deemed important for 
the data system application. In judging which adder to settle 
on, considerations given greatest weight were; quantity of 
equipment needed, whether or not tandem gates would be needed 
(one switching type gate operating directly into another one), 
number of program pulses required, and magnitude of current 
from digit source. 

Switching type gates can be operated in tandem by 
means of suitable coupling circuits. Such as arrangement was 
used in the adder built before all the alternatives of the 
present report were considered. This was the one-step adder 
with standard carry. The adder worked quite successfully, but 
the use of tandem gates caused some transmission loss and put 
closer requirements on gate bias resistors and voltages. It 
also was felt that tandem gates for control of transmission by 
the program generator were less desirable than direct control 
of the adder gates, because the latter may allow lower loading 
of the digit source. The last point is treated later in this 
report. Fewer program pulses for the adder decrease the com­
plexity of the program generator. Relatively low current from 
the digit source (measured in terms of the bias current to a 
single gate, as is shown on the comparison chart) means that 
the adder can have higher bias current, therefore more freedom 
from diode leakage effects and more output, with a given loading 
of the digit source. Emphasis is placed on the bias current of 
a single gate because the maximum output current of an array of 
gates (such as the array needed to produce the sum) is very 
nearly the bias current of a single gate of the array. Thus 
low source loading for a given gate-array output. 

On the basis o f these facts and comparisons, it was 
judged tha t the one-step, or Von Neumann, adder with Hussey 
carry was the best choice. 

1.7 Circuit Design of the Adder 

1.71 Gate Circuits 

In the adder chosen, all the gate circuits (switching 
type gates) must be of the same polarity. The only decision to 
make is which polarity. In the positive (or positive responding) 
gate, the gate puts out a positive output (transmits) when all 
inputs are positive and puts out a negative output for any other 
c ondition of inputs, mixed or all negative. In the negative 
gate, the gate puts out a negative output (transmits) when all 
inputs are negative and puts out a positive output for any 
other condition of inputs. "Positive" and "negative" are 
relative, not necessarily measured with respect to ground. To 
1ecide \~hich gate to use, we draw on the fact that the input 
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sources of a switching type gate supply current only when the 
gate is not transmitting, and the gate current is divided 
among those sources which are of a polarity to prevent trans­
mission. From the figures previously quoted on the internal 
output impedance of the register stage, it appears that the 
-10 volt, or more positive, condition has much better voltage 
regulation than the -30 volt, or more negative, condition. If 
negative responding gates are used, the gates will draw no 
current when the source is in its more negative (poor regula­
tion) region. This seems desirable. It means, however, that 
a negative program pulse must be used, and the present trans­
formerless monostable transistor circuits used as pulse ampli­
fiers do not produce negative pulses as well as they produce 
positive pulses. If negative gates are used, the gate output 
resulting from an enabling pulse on the gates (assuming the 
d-c gate input voltages are such as to permit transmission) is 
an immediate negative step. This fits in well with the use of 
the pulse amplifier described in Part 4.0 of this report fol­
lowing the adder to raise its output level. This amplifier 
requires a negative step to trigger. Thus it seemed reasonab1 0 
to design the one-step adder with Hussey carry on the basis of 
negative gates. 

1.72 Gate Bias Level 

The value of bias current for a switching type gate 
in the adder must be chosen. As shown in Figure 8, the 
largest adder input current in a register output for the 
one-step adder with Hussey carry is 1-1/3 gate bias currents. 
Based on the fact that the register can stand at least 1 ma and 
perhaps 2 ma, a gate bias current of about 0.9 ma was chosen. 
The bias current for each of the six switching type gates is 
obtained from a -90 volt supply with an 82,000 ohm resistor for 
each gate. This supplies the desired current, and the supply 
voltage chosen is large compared with the changes in voltage 
on the gate (-10 to -30 volt range), giving almost constant 
current. 

1.73 Gate Loads 

When the nature of the gate stimuli and the gate 
bias current are known, it is easy to determine an optimum 
load for a gate. This load is also optimum if fed by an array 
of gates. The process for finding the best load is shown in 
Figure 10. A complete V-I characteristic of the gate output 
is measured with gate transmitting and again with it not trans­
mitting. Then one chooses a load line slope and a voltage to 
which the load line is returned in such a way that the change 
in voltage, current, or power in the load is maximized as 
required by the load sensitivity. One must also consider that 
the gate characteristic in the non-transmitting condition may 
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change enough under adverse conditions for the intersection to 
slide around the knee of the curve and allow output current to 
flow. In the present case, the load has been returned to -14 
volts, so that the nominal -10 volt gate input (not transmitting) 
can vary several volts before any output current appears. With 
the load line as chosen, the load voltage steps from -14 to -28 
volts and the load current steps 700 microamperes when the gate 
ls switched on. These values fit well with the input impedance 
and trigger requirements of the pulse amplifier discussed in 
Part 2 of this report. The effective gate load impedance in 
this application is the load impedance seen by a step function. 
The capacitor coupling the gate output to the pulse amplifier 
can be considered zero impedance for this purpose. The load 
line shown represents the resistance of gate-output bias resistor 
and amplifier input resistance in parallel. Being capacitance­
coupled, the amplifier input does not determine the quiescent 
position of the load line, that is, crossing zero current at 
-14 volts. 

The program pulse applied to the gates need be only 
as long as the pulse required by the gate load. The pulse ampli­
fier works well with a 1 microsecond input pulse. 

1.74 Requirements on Gate Diodes 

The requirements on the diodes used in the gates are 
determined mainly by the gate bias current and the nature of 
digit source. 

The f orward resistance of the diodes must be low 
enough that the bias current flowing through a diode will 
develop a voltage much smaller th&n the voltage of a stimulus 
at the input. With 1 ma gate bias, the forward resistance 
could be as much as 100 ohms (giving 1 volt drop with the full 
bias current) and still be tolerably small. This requirement 
appears easy to meet. 

Requirements on maximum reverse current of diodes are 
as follows: 

An input diode has reverse voltage when the correspond­
ing input voltage is set to transmit. If all inputs are set to 
transmit, the reverse current augments the gate output. If one 
or more inputs are set to prevent transmission, the reverse cur­
rent flows to the input thus set. Thus reverse current in the 
input diodes acts to increase the apparent gate-bias current. 
In a 4-input gate with only one input set to prevent transmission, 
the one input takes the bias current plus reverse current of the 
other three inputs. With a 1 ma bias current, a maximum total 
reverse current of 0.3 ma, or 0.1 ma per diode, seems reasonable. 
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Low reverse current in the output diode is essential 
when gate outputs are connected in parallel. In the adder 
gates, only one of the four gates with paralleled outputs ever 
transmits at one time. The reverse current of the other three 
gate output diodes is current robbed from the load. The 
nominal maximum available load current is 0.7 ma. A total 
diversion of perhaps 30 per cent of the output current, or 
0.2 ma, can be tolerated. This corresponds to 0.065 ma maxi­
mum per output diode. It is interesting to note that increased 
reverse current in the input diodes gives greater gate output, 
tending to compensate the output signal for increased reverse 
current in output diodes of other gates connected to the same 
load. 

The requirements on reverse current appear to be too 
strict to be met by present point contact diodes at extreme 
temperatures. P-N junction diodes show good promise of meetin6 
the requirements. 

1.75 Most Efficient Use of Power from Digit Sources 

If it should become desirable to operate the adder 
gates at a much higher current level (bias current and output 
current), it seems likely that the circuit c ou ld be modified 
to permit this and at the same time make the c t;.rr2nt loading on 
the digit sources even smaller. This arrangement depends on 
the fact that, in a switching-type gate, the inp ut whose volt­
age is farthest in a sense to prevent transmission takes sub­
stantially all the gate bias current. The collector of the 
digit source register will have some volta ge beyond which it 
will never go more positive, say -8 volts. 2 very switching­
type gate in the adder has one program-pul se input. If the 
program source has low d-c resistance (as a pulse transformer 
winding) and is returned to say -6 volts, the n the program 
source will carry the bias current of all gat e s in the adder as 
long as no program pulse is present. The n the digit inputs to 
the adder will be required to furnish curren t only during the 
program pulse. 

This makes the average 1• c-;si st a nce of the digit 
inputs to the adder very high, substantially the back resist­
ance of the diodes connected to a given digit i nput. This 
allows us to benefit from the integrating effect of a 
resistance-capacitance L-section filter of l ow-pass type 
between the digit source and the adder (shown in Figure 11). 
In operation, the capacitor has some 1500 mi c roseconds to assume 
the potential of the digit source, then it must furnish current 
for only 1 microsecond or so. The 1500 microseconds represent 
the time between shifting digits into position and the time of 
the 11 add 11 and 11 carry" program pulses. 
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it hc.13 ueen mt:ntl0ned that 1.h~ curr·ent. from a digit, 
.~u1 ,:G wl Lh tlle µroposed circuit is substantially the r·everse 
,uI'rent of diodes connected to the source. This rever·se current 
~ust be low enough that it will develop a voltage small com­
pared with the stimulus-voltage when it flows through the 
series arm of the R-C filter. The value of R might be 10,000 
or 15,000 ohms, and the voltage should not exceed say 2 volts. 
Thus the total reverse current should not exceed 0.2 ma or 
0.065 ma per diode where three diodes are connected to a digit 
~ource. If an inductance were used to replace the resistor in 
1he filter, much higher leakage could be tolerated. 

Note that if a transformer is used in the program­
pulse path, the transformer can invert the program pulse, and 
the need for a negative program pulse at the adder is no longer 
a disadvantage. 

1.76 Cross-Inhibition of Pulse Amplifiers 

There is one remaining feature, the need for which is 
11ot self-evident. The Hussey carry has a register that is set 
to one when one carry gate transmits and set to zero when the 
other carry gate transmits. In the model adder, a pulse ampli­
fier was put in between each gate output and the register input. 
It was found that when a pulse from one amplifier changed the 
state of the register, the voltage change on the idle input of 
the register, applied to the output of the idle amplifier, would 
sometimes trigger the idle amplifier. The trouble could no 
doubt have been cured by means of diodes together with a clamp­
ing voltage at the register input, similar to th~ circuits in 
the shift register. However, to try out as many arrangements 
as possible, a different system was used. Making use of the 
fact that the two amplifiers should never fire simultaneously 
in normal operation, each amplifier output was connected to the 
opposite input throu~h a network of appropriate loss. Input is 
a negat i ve step and output is a positive step. Thus when one 
amplifier fires, its positive output disables the other for an 
instant. The ne tworlcs are simple and non-critical. They are 
shown on Figure 12, the schematic of the model adder. 

1.8 Summary of Adder Work 

Many adder systems and sub-systems have been investi­
gated and evaluated, and a model adder has been designed and 
built. The adder is simple and reliable and fills the require­
ments for the data transmission system with the possible excep­
tion of failure due to diode leakage at high temperature. This 
stortcoming can be corrected by use of p-n junction diodes 
and/or by a circuit trick presented. The requirements on the 
internal amplifiers and register are no more severe than require­
ments in shift register use. The internal amplifiers and 
register and the adder as a whole can be expected to work under 
the limit conditions given in Part 2. 
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2.0 Shift Register 

2.1 Requirements on the Shift Register 

2.11 General 

In the data transmission system under consideration 
a shift register 1s required to present serially to the adder' 
16 digits that it has previously taken in simultaneously in 
space division. Concurrently with feeding digits out serially 
it may also have to receive digits serially from an adder out-' 
put into the space vacated each time a shift occurs; and, after· 
taking in 16 digits serially, feed these out simultaneously in 
space division. Digit shifting should occur in response to a 
program signal and should not occur otherwise; specifically, 
digits fed in space division should stay put and not shift as 
a result of the read-in. 

Sixteen digits that together form a number are called 
a "word". The adder requires that the serial output begin with 
the least significant digit of the word. By convention, the 
output is taken from the right side in a functional diagram, so 
that when the register is storing a word, the least significant 
digit appears at the right. This convention is consistent with 
writing numbers on paper, where the least significant digit is 
at the right. A block diagram of the register-adder is shown 
in Figure 1. 

Conversion between space division and time division 
is accomplished in a shift register by storing a word in a 
string of one-bit registers (as many as there are digits in the 
word) and, in response to a shift signal, shifting all stored 
digits, each digit moving one place to the right. In accord­
ance with the reasoning in Part 1, tt was decided that the 
one-bit registers should give permanent storage. 

The register should consume a minimum of power and 
have maximum reliability under adverse conditions, particularly 
high temperature. 

2.12 Digit Output 

The output of the register is simply the condition 
of the two collector terminals of a one-bit register. It 
seemed reasonable that the output should be taken as whatever 
the best practical register known at the time could produce, 
rather than setting up limits based ori the load fed by the 
register. The output capabilities of the register are described 
in Part 1.6. This represents the output characteristics both 
for serial feed to the adder and for simultaneous output. In 
simultaneous parallel output, the word stored in the shift 
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1·eg1ster must be impressed on a set of 16 one-bit registers in 
response to a program signal. Detailed circuits to accomplish 
parallel read-out in a transistor system have not been studied. 

2.13 Time Sequence Digit Input - Design for Maximum 
Efficiency 

An unsymmetrical source of input digits (in this case 
the output of an adder) can be used most efficiently in the 
following way: The source has a certain difference in voltage 
and current between its two states. Arrange clamping circuits 
so that the source produces no output in one state and in the 
other state produces an output equal to the change between the 
two states. Let an output represent a one and no output repre­
sent a zero. The source cannot then read a zero into the 
register, but the power available for reading a one into the 
register is 6 db greater than it would be if one attempted to 
accomplish both 11 set to one" and "set to zero" from the source. 
This trick is successful if one has a program such that the 
register can always be set to zero by the program generator 
in advance of the time at which the source ls scheduled to put 
out a digit (a zero or a one). A pulse from a program genera­
tor, at least in the present application, is relatively cheap. 
It is relatively powerful because it is not the result of 
logical operations which generally introduce loss. A digit 
pulse from an adder, on the other hand, has come from a complex 
array of gates and two-state circuits. Here an increase in 
signal level is more dearly brought, and it pays to use the 
adder output signal to the fullest efficiency permitted by the 
program. 

As noted in Part 1, the electrical representation of 
digits at the adder output consists of no output for a zero and 
a 0.5 ma negative pulse into any load up to 27,000 ohms for a 
one. The pulse lasts as long as the "add" program signal is fed 
to the adder, say 1 to 5 microseconds. The serial input of the 
shift register must operate from these pulses. 

2.14 Simultaneous Digit Input in Space Division 

In the present application, a register must accept 16 
digits simultaneously and be stable in its new state within 
about 100 microseconds. It appears that a far tighter limit 
on time can be met. 

There are two basic ways of storing digits in parallel 
simultaneously) depending on whether the register has any ones 

~tanding in it at the time or not. Registers are used in the 
present system under both conditions. The difference in ways of 
reading-in arises because a register stage in general has two 
separate input leads for storing a one and storing a zero. 
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{As opposed to, say, a single lead with different polarities to 
store one and zero.) If the system design assures that there 
will be no ones, only zeros, in the register at the time of 
parallel read-in, only 16 leads ( to the "set to l" inputs of 
the register stages) need be used. However, if there are any 
ones in the register, these will sometimes need to be changed 
to zero. In this case 16 additional leads to the "set to 
zero" inputs of the register stages can be used. Or, all 
stages can be set to zero with a common lead, and use made of 
only 16 leads to set the appropriate stages to one. It appears 
that the cost of equipment to feed signals to the 16 extra 
zero-setting leads is low in this case. The digit source is a 
set of key switches, 16 for each different stored word that 
must be read in. Read-in is accomplished by applying a pulse 
to a group of 16 switches. If only 16 leads are used, single­
pole-single-throw switches are needed. The pulse either 
passes through the switch or not. To add 16 set-to-zero leads 

I 
one needs only to make the switches double-throw. The pulse 
then is fed to 11 set to one" or "set to zero" according to key 
position. On the other hand, some complexity would be added 
by a common 11 set-to-zero 11

, even if such a system -were already 
used for shifting. (Methods of shifting are treated in a later 
section.) An extra program pulse on the set-to-zero lead, out 
of rhythm with shift pulses, would be needed. Thus the 16 
extra leads seem attractive for the case where "set to zero 11 

is needed. 

The electrical representation of digits at the 
parallel inputs of the register depends mainly on the one-bit 
register circuit. With the register circuits described herein , 
a register input looks like about 2000 ohms and requires a 
positive pulse of about a microsecond {or greater) and 10 volts 
(or more) appearing at the one-bit register input. 

2.2 Methods of Shifting Digits in the Register 

The problem is to change the state of one-bit regis­
ters so that the stored information moves one place to the 
right along the linear ar~ay of one-bit registers. There are 
two basic ways of accomplishing this. The first is to sample 
the state of each register and cause the next register to go to 
this state. The second is to set all registers to 11 zero 11 and 
then set to 11 one 11 those registers where a 11 one 11 was stored in 
the preceding register. The two systems are shown in 
Figures 13A, 13Bl, and 13B2. 

The complete shift cannot be instantaneous in either 
case. As an example, consider the first system. Here the 
state that we must sample is the state of a register just 
before it starts to change under the influence of the preceding 
stage. Thus some delay or memory is required. 
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The use of the first system for tvan­
sistors has been investigated by Hussey and Trent. They con­
cluded that gain was needed in the interstage and proposed the 
second system as most appropriate for transistors. Their work 
was covered in a report which included a shift register 
block diagram. This block diagram (similar to 
Figure 1382) was followed in designing the present model 
shift register. However, since the model was built, Trent has 
introduced a "reger,erative gate"llll- that gives gating and 
regenerative gain in a simple structure. This makes it 
desirable to take another look at the ways of shifting digits 
in a transistor system. 

The regenerative gate can be used both in the first 
system, Figure 13A and in a form of the second system, 
Figure 13Bl. To repeat, Figure 13B2 is the form of the 
second system used in a present model. Here a two-transistor 
monostable circuit ( "amplifier-delay") was used. The gate 
shown in Figure 13B2 is needed to disable digit shift due to 
registers changing from one to zero during parallel read-in. 
The gate was omitted from the first form of the model. The 
function of prevention of digit shift during parallel read-in 
is very simple when regenerative gates are used. Here the 
absence of a pulse to the gates prevents digit shifts. 

The regenerative gate functions as the two-input gate 
plus amplifi e r in Figures 13A and 13Bl. The gate has one 
steady input and one pulse input. It is important to note that 
the pulse i nputs are connected together to a common program 
source. (in Trent's reversible binary counter with regenera­
tive gates , it is the steady inputs that are connected together 
to a common source.) 

Even though the transistor systems may need inter­
stage gain (regenerative gate or amplifier-delay) where the 
electron-tube version does not, the transistor system has a 
strong advantag~ in power consumption. A stage of the electron­
tube version draws about 7,5 watts total, whereas the tran­
sistor stage complete with amplifier-delay draws only 1 watt or 
less. With a single regenerative gate in the interstage, the 
drain per stage would be about 0,75 watt. In comparing power 
drain and quantity of equipment it is of interest to note that 
the _ buffer amplifiers frequently used on the output of an 
electron-tube two-stage circuit have not been found necessary 
with transistors. 

-----------------·---------------
>'.o:< "A Transistor Packaged Circuit for Multifunctional Switching 

Applications", by R. L. Trent. 

- 537 -



In making a practical choice among the three systems 
comparisons must be made first between those illustrated in 
Figures 13A and 13Bl, then between the latter and that in 
Figure 13B2. Where regenerative g a tes are used in the 
interstage, the choice between the first and second systems is 
as follows: The arrangement shown in Figure 13A has the 
simplest programming. Only one pulse per shift is needed, and 
this pulse must operate regenerative gates only, two gates per 
stage. The shift pulse must operate 64 regenerative gates 
when there are two 16-stage shift registers. The arrangement 
in Figure 13Bl uses two program pulses (on two wires) per 
shift. One pulse must operate 32 register stages and the 
other must operate 32 regenerative gates. Were only a few 
stages used, simplicity of program would outweigh extra equip­
ment in the interst2ge, thus favorin g t he first system. With 
many stages, say 16, the choice depend s on whe t her many 
registers can be set to z8ro si~u~taneously from a simple 
program generator. In the model syatem, 9 one-bit registers 
are fed from a single transistor, and these are not the most 
sensitive registers that can be built. Thus, the arrangement 
shown in Figure 13Bl seems more desirable at present. 

The choice between the systems shown in Figures 
13Bl and 13B2 depends upon the complexity and reliability 

of the interstage. Tr ere are two rathe r d ifferent types of 
regenerative gates, with different characteristics, available. 
These have not yet been tested in a shipp e d register. The 
interstage circuits for realizing the system shown in 
Figure 13B2 have been studied fairly clo s ely. With the 
exception of the gate, these circuits have been tested in 
operating shift registers. The choice between circuits in 
Figures 13Bl and 13B~ is discussed in Part 2.4 of this 
report. 

2.3 The One-Bit Re gister 

2.31 General 

Requirements on the one-bit register are outlined in 
Parts 1.3 and 2.1 of this report. In general, the input is to 
be as sensitive and output as powerful as we can attain, con­
sistent with stability of registry in all adverse conditions, 
with a simple circuit. 

The m3x1mum transition time allowable in the present 
applic.ation (say 1 or 2 microsec onds) is relatively long in 
terms of the time constant uf a trans istor. Thus it seemed 
reasonable to concentrate effort on maximum reliability of 
storage rather than fast transition. 
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The register output should have push-pull symmetry 
for feeding the adder. Separate "set-to-one 11 and "set-to-zero" 
inputs are required. 

At the start _of this investigation, the most promising 
bistable transistor circuit was a unsymmetrical two-transistor 
binary counter developed by R. L. Trent. This circuit is the 
analog of the electron tube "cathode-coupled bistable multi­
vibrator". The transistor circuit has stabilization added to 
take care of variations in base current due to temperature 
change and differences among transistors. Trent's two-tran­
sistor circuit seemed more reliable than the best available 
one-transistor circuit, indicating that there might be an 
inherent advantage in using two transistors. This indication 
was strengthened by later work. 

The problem of finding a suitable circuit configura­
tion was attacked 88 follows: 

( 1) 

( 2) 

( 3) 

By attempting to draw all interconnections (using 
passive elements) of two transistors which would give 
positive loop gain and such that a disturbance in the 
system would cause the two transistors to go towards 
opposite conditions (one towards cutoff, or OFF, one 
towards saturation, or ON). The last condition was 
put on so as to get symmetry in the push-pull sense. 
Also, if both transistors were to proceed towards the 
same condition, there seems to be no advantage over a 
single transistor except increased loop gain. The 
extra gain might give faster operation, but probably 
no better permanent storage. 

By starting with successful electron-tube circuits, 
drawing the transistor analog, and adding stabiliza­
tion appropriate to transistors. The idea of using 
the electron-tube analog looked attractive in this 
case because of the relation of Trent's unsymmetrical 
binary counter to the known electron-tube circuit. 

By comparing the resulting circuits with successful 
transistor circuits to see if any known features could 
profitably be added. 

Gircuit Configurations 

There are three basic circuit configurations for a 
single transistor; grounded base, grounded emitter, and grounded 
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collector. The grounded collector arrangement can furnish two 
possibilities because it has gain in both directions. The ten 
combinations of two transistors with one element grounded are 
shown in Figure 14. For permanent d-c storage, no trans­
formers are allowed. All but six combiilations can be thrown 
out on the basis of degenerative feedbock. Two more can be 
thrown out because the transistors go the same direction. The 
case of two gr0unded-collector transistors (8) and (10) of 
Figure 14 does not seem promising because transmission 
around the loop in one direction tend3 to cause the units both 
to go towards OFF or towards ON. (If a unilateral device wer8 
used between transistors this config~ration might be very 
attractive.) Thus there remain three configurations of 
interest. 

At this point it is well to consider what other 
interconnections can be made. If the grounded electrode of the 
transistor cpn be raised off ground without changing the pha 3e 
relation of the other electrodes, there is another terminal 
available. In (4) of Figure 14, we can add a path between 
the base of the left unit and the collector of the right unit. 
This makes (4) symmetrical and gives it the qualities of (5). 
Or we can arrive at the same configuration by putting common 
impedance in the emitter-to-ground paths of (5). This com­
bination of (4) and (5) is a rather general configuration for 
our purpose, and circuit work has been concentrated on it. 

The configuration (6) has not been studied 
thoroughly. Perhaps this can also be made symmetrical. This 
arrangement has the property that each half i~verts the signal 
phase. The phase inversion in the grounded-collector half 
comes about because the resistance looking into the emitter is 
a negative resistance, lower than the resistance of the 
generator feeding the emitter. The voltage appearing on the 
emitter is inverted in phase from the internal voltage of the 
generator. This property depends on the transistor's being in 
its active region. With the transistor in the cutoff or 
saturation region (as it might be in a bistable circuit) the 
phase of the transmission might reverse. This could be good 
or bad. Here further investigation is needed. 

Starting out from electron-tube circuits, one finds 
that the basic (symmetrical) bistable multivibrator is the 
analog of (5) of Figure 14, and the cathode-coupled bistable 
multivibrator is the analog of (4) of Figure 14. Thus the 
combination of (4) and (5) seems worth our attention. One 
should note that there is still the possibility of adding paths 
on an individual half of the transistor circuit to give 
positive feedback at d-c. This is not possible with electron 
tubes. 
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'l'he symmetrical two-transistor binary counter 
developed by Trent . 

has the general configuration of (4) and (5) combined. 
The binary counter has circuit refinements that give the 
memory required for operation with single-lead input and also 
give especially easy triggering. Its development was concur­
rent with register __ development, with mutual benefit. 

2.33 Circuit Design 

In choosing the circuit elements for the configura­
tion, it is convenient to treat the a-c and d-c transmission 
separately. In the present case, the circuit must store 
information indefinitely, so that the d-c characteristic is of 
pri~3ry importance. It seemed reasonable to set up the d-c 
transmission and then make only necessary modifications to it 
for a-c transmission. 

Perhaps the most familiar approach to transistor 
circuits is the plot of the 2-terminal V-I curve seen by break­
ing the circuit at an emitter 2nd looking in between emitter 
and ground. In the present case, the load line for the plot is 
the internal resistance and voltage of the emitter coupling 
network together wi th the emitter of the other transistor. The 
treatment was very suc cessful in this case. The other inter­
connecting paths, that is, the collector-to-base paths, are 
fully taken into account by the way they modify the V-I 
characteristic. 

It seemed reasonable to choose first the collector­
to-base circuits, find the V-I curves, and then design the 
emitter network in the light of what was found. Two V-I curves 
should cor.ie out of this - one 11 other half off 11 and one 11 other 
half on". A pair of these measured curves is shown together 
with a circuit of half a register in Figure 15. Circuit con­
stants were chosen with the aid of a system worked out by 
B. G. Farley for computing emitter V-I curves from known 
transistor characteristics. Base stabilization is used (diode 
and positive voltage) to restrict the range of variation of the 
i~tersection on the voltage axis. 

The 3.6 ma bias current in the diode is chosen equal 
to the sum of current from A (other side ON) plus the maximum 
expected leakage current of the transistor. Some series 
resistance is inserted base-to-diode. This resistance results 
in negative resistance looking into the emitter in the low­
emitter-current region (base diode conducting) and may aid 
triggering. The point A represents the collector of the other 
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side, and the two voltages at A represent the voltages 
expected with other side ON and OFF. The resistor from A to 
base is chosen as low as possible without loading the other 
collector unduly. The collector-to-minus-supply resistor Re 
is chosen low enough to allow good negative resistance looking 
into the emitter and high enough to (1) give good collector­
voltage change for output purposes and (2) limit ON current for 
economy of power and trans is tor protection. To give good nega­
tive resistance, Re must be somewhat lower than the (a - 1) re 
of the transistor in the active region. 

In the normal operation of the register, the reli­
ability of registering depends on having the ON side stay on 
and keep the other side OFF. Note how this shows up on the 
V-I curves. In order for the ON side to stay on most safely, 
its load line should intersect only in the ON, or saturation, 
region. This can be accomplished by having a load line of high 
enough resistance intersecting the axis at a positive enough 
voltage. The line shown, 2,200 ohms returned to ground, 
accomplishes this. The other side is assumed OFF, with high 
emitter resistance, so the load line is determined by the 
coupling resistor only. It is essential that the voltage at 
which the load line intersects the curve (in the ON region) 
shall be negative enough to keep the other side safely OFF 
under adverse conditions. Here the effect of the collector­
to-base coupling shows up clearly. The emitter characteristic 
of the ON unit is the more negative one, giving a relatively 
negative intersection. Yet the OFF unit will stay safely off 
as long as the intersection is more negative than the turnover 
point of the emitter curve of the OFF unit (point near zero 
current). The curve of the OFF unit is the more positive 
curve, representing added safety. The criterion for choice of 
load line is, then, that it shall in t erse ct at the most nega­
tive voltage consistent with always interse c ting in the ON 
region and only in the ON region. It app e a rs from this analy­
sis that the use of two transistors in a r egister may give 
inherently better reliability under advers e conditions than a 
single transistor. 

A complete register circuit is shown in Figure 6-16. 
The circuit was found to operate as required without the addi­
tion of any capacitors or inductances, so none were added. It 
did not seem necessary to add any of the various diode circuits 
(other than base stabilization) described by Trent. 

Power dissipation in the transistor should be 
limited to about 100 milliwatts (except during transition, 
which is so short that higher power can be tolerated). Power 
with the resistance values and voltages shown is as follows: 
The side that is ON carries about 7-1/2 ma. The ON resistance 
can be expected to be less than 1000 ohms. If it were 1000 
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ohms, the power would be only 50 milliwatts. The side that is 
OFF sees a circuit of some 6000 ohms and 45 volts between col­
lector and base. Maximum power is dissipated by a low Vco 
transistor. For a limit Vco transistor (limit for performance 
in the present circuits) with about 10,000 ohms collector 
resistance, the power would be about 80 milliwatts. 

2.34 Triggering 

With ~his register design there is the possibility 
that if both s1d~s were in the ON condition simultaneously, 
they would stay there and give improper operation. This fol­
lows from our trying to attain absolute maximum reliability of 
sto~ing a digit in this circuit. Fortunately, we can prevent 
both Eides be!ng on simultaneoualy by proper choice of trigger­
ing. If the trigger a!ways turns the ON side OFF, the other 
side must go on, and we have the desired result. 

In t~e circuit given, there is no provision for 
11 steering 1

• triggerj__ng pulses. Rd ther, the pulses must come in 
on two leads. Th~s is cc~sistent with register use. Steering 
could b~ 3dded with some extra elements. 

Triggerir.g of the one-bit register from a slowly 
changinf. volta ge \'r2s in-1estic;2ted by measuring V-I curves 
looking int0 a base or a coliector (circuit ~ot opened). 
Measurements were made with the register sup,lying no power, 
and measure~e~ts on the base were made with collectors supply­
ing output currents of 1 ma in all combinations of polarities. 
Thi3 output c~rrent did not interfere appreciably with opera­
tion. A typical Ect of curves is show~ in Figure 17. From 
these curves one c&~ see that a positive triEger applied to 
the ON collector wlll work, but 7 or 8 ~illiamperes is required. 
Remember that there are no 11 3peedup 11 or "mem:..>ry'' capacitors 
or elements cf similar function to cou,1e collector to base 
tighter for high frequencies. A negative trigger on the base 
of the OFF side may or may not work. It can be seen that it 
is nossible to get hot~ sides ON with t~is kind of trigger. A 
positive trig~er on the base of the ON side seems foolproof, 
bot;h sides EHitching state. 

Trigger requirements including taking account of the 
internal resistance of the trigger generator, can be studied 
by means of Figure 17. The trigger generator internal 
resistance and internal voltage are represented by a load line 
(really a generator line) an~ intersection of load line on the 
voltage ~xis. As the internal voltage changes (the rise of 
trigger voltage), the intersection of luad line and V-I curve 
moves. Whe~ this intersection reaches the limit of the stable 
portioD of the V-I curve, the register changes state. Using 
this approcch, one can find the internal trigger voltage 
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necessary with a given trigger generator resistance or vice 
versa. It is assumed that the ( res is ti ve) trigger source ls 
coupled with a capacitance large enough to have negligible 
reactance at the high frequencies present in the trigger. Then 
the "load line" will be resistive, and as shown. The effect 
of the capacitor is to cause the load line to drift back aftei· 
triggering until it intersects the V- I curve at the zer·o­
current axis. 

The V-l curve may be near enough a straight line in 
the region of interest to use a straight line approximation. 
The curve for positive triggering on the ON base is 2000 or 
3000 ohms, and the register changes state when the trigger 
source is putting 2 ma or more into the register. 

The mechanism of triggering can be grasped by 
referring to Figure 14. A positive trigger on the ON base 
raises the whole emitter curve of the ON side towards positive 
voltage until the sides switch state. 

Using pulses longer than about 2 microseconds, the 
trigger requirements seem to be about the same as with a slowly 
varying voltage. With shorter pulses, a little more voltage 
is needed. 

The polarity of pulse needed fits very well with the 
present pulse amplifiers and amplifier delay circuits. These 
circuits can give a positive output pulse that is more power­
ful than the negative output pulse. 

2.35 Comparison of Electron-Tube and Transistor Registers 

It seems fruitful to compare electron-tube registers 
and transistor registers at this point. A s ymmetrical 
electron-tube register can be treated by the "emitter 
characteristic" method just used. Using anc:ilogot.:.s elements, 
we must open the cathode lead of one stage and lcol< in. The 
curves are as shown in Figure 18. Note that the curves 
are very similar to the transistor curves rotated 180 
degrees. There are two striking differences. The electron­
tube curve has no negative slope. Also the electron-tube V-l 
curves can be moved vertically with negligible expenditure of 
power to move them. The vertical position follows the grid 
voltage. In the transistor case, vertical position follows 
the base voltage, and a relatively large and somewhat variable 
current must flow to change the base voltage. The difference 
in current required to move the characteristic can be thought 
of as an advantage for the electron tube. However, the 
negative resistance shown by the single transistor (and by it 
alone) allows us to choose a load line such that relatively 
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small vertical motion of the V-I curve is needed. (In some 
single-transistor registers, there is no vertical motion at 
all,) 

2.36 The Register as a Generator 

The equivalent output circuit of the register is well 
represented in this application by Figure 17. The ON collec­
tor has a certain internal voltage (about -11 volts) and its 
internal resistance is almost linear at about 1250 ohms in the 
example. The OFF collector shows -33 volts and 3600 ohms. The 
ON collector can be expected to be about -10 ±2 volts and the 
OFF collector about -32 ±4 volts with extreme variations in 
transistors. 

2.37 Requirements on Transistors for the Register 

The two primary requirements on transistors are that 
the collector-to-base d-c resistance shall be high enough in the 
OFF condition (with emitter current zero) and low enough in the 
ON condition. 

The circuit is stabilized against collector leakage 
in the OFF condition up to 3 ma. This corresponds to 10,000 
ohms d-c collector resistance, or Vea= about 20 volts. 
Attempting to stabilize against higher leakage current reduces 
the voltage span of the negative re~istance range of the 
emitter characteristic so that the voltage used to keep the 
OFF side of f is not negative enough. Vco of 20 volts is a very 
low value for switching transistors, which can be made with Vea 
above 40 volts and on up to 100 volts or more. However, Vco 
is the transistor characteristic that is most dependent on 
temperature, go ing downwards at high temperature. Transistors 
have been made with Vco that stays high, say 40 volts or more, 
even up to 80° c. However, these are scarce at present, and 
it seemed best to make the circuit workable with as low a Vco 
as present circuit art would permit. 

The resistance in the ON condition must be held low 
enough (under control of the limited emitter current available) 
to keep the other side off. The available emitter current is 
determined largely by the emitter-to-ground resistor. This 
means that the transistor needs to be one for which character­
istics on the Ve, Ic plane hug the zero-voltage line at low 
collector current and break away from this line at some value 
of collector current. A value that seems attainable in a 
switching transistor and is satisfactory for the circuit is 
that Ve at 3 ma emitter and 5.5 ma collector shall be below 
4 volts. The Ve at 3 ma has been called Vc3• The Vc3 test 
insures that the "average" a (current amplification) exceeds 
some minimum. 
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It is possible for a transistor to have a defect, 
such as a collector-to-emitter leakage path, that is not 
caught by these two tests. This leakage and also the base 
resistance controlled by a requirement that the r12 (common 
resistance for backward transmission) shall be less than 1000 
ohms. 

These three tests do not cover the active region of 
the transistor. The best single figure of merit in this 
region known at present for the register is (rm-re) or (a _ 1) 
re. This figure is, among other things, the slope of the 
constant-base-current curves on the Ve, Ic (r22) plane. It 
has not been necessary to invoke such a test for the present 
application of the register. The d-c tests tend to insure 
that (a - 1) re is not unreasonably low. 

The model adder-shift register uses 20 transistors in 
registers. It has been possible in every trial so far to get 
reliable system operation with transistors that pass only the 
three tests, Vco >20, Ve, <4, r12 < 1000. Thirty or forty 
transistors have been trled. In a typical case, about half 
the transistors in use were within 5 volts of the Vco limit 
and perhaps one fourth of them within one volt of the Ve limit 
at 3 ma emitter current. The system was oper2ted several times 
as fast as the present requirements and gave many millions of 
successive operations without an error. The -45 volt and +36 
volt supplies to the register could be varied individually 
±15% without errors. 

It should be understood that transistors must pass 
the three specified tests at all extremes of temperature, etc. 
under which the system must work. 

2.38 Summary of Register Circuit Performance 

Input and output are completely symmetrical in a 
push-pull sense. When the circuit is storing a zero, acer­
tain pattern of voltages and impedances appears. When it is 
storing a one, the same pattern appears but it is reversed in 
space. 

Input and output are described here by giving an 
approximate equivalent circuit for each state. The circuit is 
an internal resistance in series with a voltage. See 
Figure 16. 

D-C Power Requirements: 

8 to 10 ma at -45 volts 

7-1/2 ma at +36 volts 
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Input: 

Terminal 1, State A ) 
2000 ohms, or Terminal 2, State B) -10 volts 

Terminal 1, State B 
A~ 

2000 ohms, or Terminal 2, State -3 volts 

To change state, move the input that is at -10 volts 
to -3 volts 

Output: 

Terminal 1, State A 
B~ 

1500 ohms, -10 or Terminal 2, State volts 

Terminal 1, State B 
A~ 

4000 ohms, -28 to -36 or Terminal 2, State volts 

Maximum output terminal current without 111 effect: 
1 ma in each output simultaneously. With regard for 
characteristics shown on Figure 17, larger currents 
can be used. 

Speed of Operation: 

This has not been well determined, but it is known 
that the register responds in about a microsecond with a step 
at the output. The maximum repetition frequency for change of 
state has not been well determined and needs further study. 

2.4 Pulse Amplifier and Amplifier-Delay 

2.401 General 

A pulse amplifier is needed in the adder; its system 
function is treated in the Part 1 of this report. Its broad 
function is to raise the level of gate output and operate a 
register. 

The amplifier-delay is used in one of the two methods 
of shifting digits from one register to another which are 
treated in Part 2.2 of this report. The other method uses a 
regenerative pulse amplifier that can be enabled or disabled by 
a control voltage; this is called a regenerative gate.* To make 
a full treatment of the means for transferring digits in the 
shift register, one would need to compare the best available 

--------------------------------
*"A Transistor Packaged Circuit for Multifunctional Switching 

Applications", by R. L. Trent. 
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amplifier-delay with circuits of the re generative gate type. 
Circuits to give the amplifier-delay function have been 
studied, designed, and evaluated to the point where they have 
been used successfully in the model shift register, and a cer­
tain amount of design theory has been worked out. 

The regenerative gate circuits for this particular 
application have not been investigated much. The base stabi­
lized regenerative gate has been developed and studied by 
Trent, but performance has not yet been determined with many 
pulse inputs connected in parallel, the way the gate would be 
used in a shift register. Very little attention has yet been 
given to the new regenerative gate, or gated-pulse regenerator, 
consisting of a switching-type gate followed by the type of 
pulse amplifier treated herein. 

In view of this, the only circuit for digit transfer 
covered in the present report is the amplifier-delay. 

It is interesting to note that the pulse amplifier 
and amplifier-delay as designed for the adder and shift reg::.s­
ter were usable (and used) to build a program generator to 
supply add, carry, and shift pulses to the model adder-shift 
register for high speed operation. 

The pulse amplifier is treated first. It turns out 
that the desired amplifier-delay action can be obtained by 
adding simple circuits following the amplifier. 

The input and output requirements are the same for 
the amplifier and amplifier-delay. The ma in requirements are 
that input sensitivity shall lie between l imits and output 
power shall lie above a limit. (This statement of require­
ments applies especially to regenerative circuits.) These 
requirements are treated in following se ctions. In addition, 
we want the input to look as much like a p assive resistance 
as possible and we want the units to refuse to respond to 
stimuli applied to the output. Failure to meet these addi­
tional conditions perfectly can be taken care of by auxiliary 
networks in most cases. 

In accordance with system operation at 3000 digit­
pair additions per second, the amplifier and amplifier-delay 
must receive signals at least this fast. The 3000 per second 
speed is five times as fast as the data system requires and 
was chosen to give considerable margin without introducing any 
troubles. 

The circuits for the amplifier and amplifier-delay 
functions should use a minimum of components and draw minimum 
power consistent with other requirements. They should have 
maximum reliability, particularly at high te~perature. 
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An attempt was made in first-order design work to use 
the same transistor limits laid down in Part 2.1 of this report, 
that is, V co '> 20, V c3 <. 4, r12 <. 1000. This has been success­
ful but for more refined work a pair of tests to replace the 
r12 measurement is indicated. These are (1) a versus VE at 
fixed Ic and (2) a versus IE at fixed Ve. These tests measure 
base resistance and collector-to-emitter leakage, respectively, 
and are useful in very close control of trigger threshold. 

2.402 Input Requirements 

The most severe requirements on sensitivity fall on 
the amplifiers fed from gates - the shift-register input ampli­
fier and the amplifiers within an adder. Here the amplifier 
must respond to a step of voltage (negative in the model adder) 
from a source whose maximum power output is a 500 microampere 
step applied to a 27,000 ohm load. Gate output V-I curves and 
load line are shown in Figure 10. The 20,000 ohm gate output 
load shown there is composed of 82,000 ohms bias resistor and 
27,000 ohm amplifier input in shunt. It can be seen that a 
lower value of load resistance will draw at least 500 micro­
ampares. With the present adder, it seemed reasonable that the 
pulse amplifier should have an input impedance (nearly resistive) 
of 27,000 ohms or less and should respond, even under adverse 
conditions, to a step of 300 microamperes or more with step rise 
time of 1 mi c rosecond or less. Variations in sensitivity due to 
changes in temperature, transistor characteristics (especially 
Vea), etc., should be held to an absolute minimum. 

The preceding requirements will also allow the ampli­
fier input to function properly in the register interstage. 
Here the regi s ter furnishes at least a 14 volt step (either 
positive or ne gative as desired) with at least 1 ma current 
capacity. In t hi s case the collector that steps negativeward 
when the one- b it register is set to zero will be used as a 
source for the amplifier-delay. 

2.403 Output Requirements 

It seemed reasonable to try for as much pulse output 
power as present transistors in a simple circuit would allow. 
One thing uncertain at this stage is the relation of peak power, 
pulse length, etc., to life of transistors. It is necessary to 
ffiake some guesses in circuit design and then see if life is 
satisfactory. For applications other than program generator, 
a positive step with 0.1 microsecond or less rise time and 
10 volt or more amplitude applied to a 2000 ohm load is satis­
~actory. For orogram generator use, it is desirable to apply 
such a step to· a 100 or 200 ohm load (many register inputs in 
parallel). A network will generally be added at the output to 
convert the step to a pulse. The amplifier should put out such 
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a step delayed no more than about 0.1 microsecond from the 
input. The amplifier-delay, when triggered, should put out no 
positive step until the end of the delay period, and then put 
out the required positive step. 

2.404 Delay Period for Amplifier-Delay 

The system will tolerate variations in delay from a 
few microseconds ( just longer than the stabilization time of a 
register) up to periods of a substantial fraction of the 
interval between operations, which is 333 microseconds at 
3000 operations per second or 1666 microseconds at the normal 
operating speed of the data system. In the type of circuits 
considered later in this report, the delay period is the ON 
period of a normally OFF monostable circuit used as an ampli­
fier. This ON period is some fraction (determined by the cir­
cuit) of the recovery time of the circuit. It seemed likely 
that designing the circuit to fit a recovery time of about 
333 microseconds would give a delay in the acceptable range. 

2.405 Choice of Basic Circuits 

The term "Pulse Amplifier" or "Amplifier" has been 
used frequently without further description. Such a function 
is not necessarily regenerative, but trials of linear and 
triggered, regenerative circuits indicated that the latter 
showed more promise for this two-state system. The informa­
tion presented at the input is of such simple form ( "yes 11 or 
"no") that there is no need to transmit it without change in 
waveform, but rather just to regenerate it. Also, the 
information arrives at spaced, predictable times. This is 
of essential importance because it means that between input 
signals the regenerative amplifier has time to accumulate and 
store energy for a relatively large output pulse when it is 
triggered. The gain can be made far higher than that of a 
linear amplifier of equivalent stability. One might think 
that such a circuit would have to be made insensitive to pre­
vent triggering due to changes in temperature, etc. This has 
been overcome in a circuit invented by Anderson and treated in 
another report.* Here the circuit can be arranged 
so that only a sudden change exceeding the threshold will 
trigger the circuit. The threshold can be varied by design 
over a wide range. Slow changes in the transistor, circuit 
elements, or input voltage have little effect, even the 
threshold level staying constant. The circuit can be arranged 
so that the transition time of an information signal is 
treated as "sudden". The circuit with values chosen for the 
present application is shown in Figure 19. 

*A Stabilized Transistor Delay and Switching Circuit", oy 
A. E. Andersono 
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2.~06 Attaining Maximum Reliability in a Regenerative 
Amplifier 

In the Partl.O of this report, a-c versus d-c opera­
Llon was discussed briefly. Permanent d-c coupled storage was 
chosen for the digit sources for the adder gates. However, it 
was mentioned that a-c operation had advantages of freedom from 
drift of circuit characteristics. The amplifier circuit is an 
illustration of this point. One can note in the circuit 
(Figure 19) that the input is d-c coupled in a circuit sense. 
This is misleading because the circuit functions like an a-c 
coupled circuit and has the advantages of an a-c coupled cir­
cuit. Functionally, the input is sensitive to fast changes 
and is not sensitive to slow changes or drifts. One can con­
clude that in two-state work it may be more appropriate to talk 
about the advantages of "d-c insensitive" or "d-c sensitive" 
than of "a-c coupled" over "d-c coupled". The circuit per­
formance comes about because to be effective the input signal 
must appear between emitter and base. If the input to the base 
changes slowly, the emitter follows, giving little or no 
emitter-to-base voltage. If the input steps, or changes 
rapidly, the emitter is anchored at its previous voltage and 
an emitter-to-base voltage appears. "Fast" or "slow" is 
measured against the time constant of the capacitance and the 
emitter-to-base resistance. In the circuit shown, this is 
.01 x 10-6 x 104 = 10-4 second or 100 microseconds. 

This circuit is normally OFF. It is held off by cur­
rent from the -90 volt supply flowing through the parallel com­
bination of emitter back resistance and 10,000 ohm emitter-to­
base resistance. This is the current that the trigger must 
overcome. Note that the current supply is very nearly "con­
stant current ". This fact is at the heart of the circuit 
stabilization of required trigger amplitude. The quiescent 
base voltage could vary, say, from -10 to -20 volts (repre­
senting a variation of 1 ma in collector leakage) with only 
about 15% change in the hold-off current. This order of 
stabilization is ample for the present application. If it 
were necessary to improve the circuit stabilization, one would 
use a higher voltage and resistance for the hold-off current 
supply. 

2.407 Circuit Operation and Choice of Circuit Values 

Considerations for the value of collector-to-minus­
supply resistor Re are about the same as in the one-bit 
register. This resistance must be low to give the necessary 
negative resistance looking into the emitter, otherwise the 
circuit would not trigger. For this, Re must be somewhat less 
than the (a - 1) re of the transistor. Re must be high to give 
the required amplitude of step of collector (output) voltage 

· 551 · 



when triggered. In the present application, the desired out­
put current does not flow through Re so that Re does not 
directly limit output current. 

The base-to-ground resistance Rb must be high, (1) 
so as not to rob too much trigger current from the emitter-to­
base path and (2) so as to give desirable negative resistance 
looking into the emitter. It must be low so as not to take 
too large a part of the collector supply voltage (when OFF} 
with a transistor of low Vco (low d-c collector-to-base 
resistance). 

The emitter-to-base resistance must be large enough 
(1) not to rob current from the emitter in the ON condition 
and (2) not to require an excessively large constant current 
to produce the hold-off voltage. It must be small to let the 
circuit recover soon - that is, be ready soon to be triggered 
again. 

The ON time is controlled by Rb and Re together with 
C and the transistor (assuming no output load). When the 
circuit goes ON the capacitor sees an approximate equivalent 
circuit consisting of a resistance and int8rnal voltage 
determined by Rb and Re and the transistor. A current flows 
in the capacitor through the emitter as the capacitor tends 
toward the internal voltage of the equivalent circuit. The 
current slowly drops until it no longer will keep the tran­
sistor ON. As the transistor starts to go OFF, the base 
becomes more positive, accelerating the going off. 

Immediately after going OFF, the emitter is quite 
negative, having been charged during the ON time by the nega­
tive supply. The circuit ls thus insensitive at this time. 
The emitter drifts positive as the capacitor discharges. Most 
of the discharge current flows through the emitter-to-base 
resistor. A low value of this resistor gives quicker recovery. 
It is evident that the recovery time is dependent on the 
amplitude of trigger. With a strong trigger, the circuit will 
trip before it has recovered full sensitivity. 

The trigger current into the base terminal divides 
among three paths, Rb, collector path, and the emitter-to-base 
resistance. A low Vco transis~or gives greatest loss of 
trigger current. In the circuit shown in Figure 6-19, with a 
transistor having Vco = 20 vol ts, only 37% of the input trigger 
current is useful. To trigger on 300 microamperes, the hold­
off current should be about 110 microamperes. (This is a 
rough approximation that is true if R1 is very low.) 

The resistance values shown in Figure 19 were 
chosen to fill the terminal requirements previously given for 
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the circuit. r1'or circuit design, it was assumed that the tran­
sistor would barely meet the requirements given in Part 2.3 of 
this report. The capacitance shown gives an ON time of some 10 
to 40 microseconds and a recovery time of about 300 microseconds 
maximum. The ON time is not especially important for amplifier 
use, but it can be used to determine a delay. 

The circuit has some sensitivity to a negative step 
applied at the collector terminal. It is most sensitive (worst 
condition) with low Vea, With Vco = 20, about 12% of a current 
step fed into the collector terminal flows through the emitter­
to-base path. In the present circuit, about 900 microamperes 
into the collector terminal will trip the circuit. Looking into 
the collector terminal one sees about 3500 ohms. Thus a nega­
tive voltage step of about 3 volts at the collector terminal 
will trigger in the case of Vco = 20 volts. It is interesting 
to note that t he collector responds with a positive voltage 
step, opposite to the voltage applied. However, the trigger 
current and output current are in the same sense. This latter 
point makes it rather difficult (but not impossible) to prevent 
backwards transmission to the collector by means of diodes. 

A positive step on the input does not trigger the 
circuit, but causes it to start to stabilize with reference to 
the new, more positive, input voltage. After it stabilizes, 
the circuit is again fully sensitive to a negative step, this 
time referred to the input voltage at which it stabilized. 

A series of negative steps, stairstep fashion, each 
going farther negative, will trigger the circuit again and 
again, provided the steps are far enough apart to allow the 
circuit to r ecover and provided the process is not carried too 
far. 

The maximum value of collector supply voltage can be 
determined by maximum permissible dissipation in the transistor. 
It was considered that it would be safe if the collector dissi­
pation for periods exceeding 10-5 second did not exceed 100 
milliwatts with nominal voltage and resistances, and least 
favorable transistors. Somewhat higher peak power can be 
handled as the period becomes shorter than 10-~ second. With 
circuit values shown, the dissipation with no output load 
comes out as follows: The maximum dissipation in the ON 
condition occurs with high Vco and high Vc3• The former 
causes the emitter to run near ground potential when OFF; 
giving higher currents when the unit goes ON. High Vc3 means 
high ON resistance. The highest voltage to appear between 
-45 volt supply and emitter will be about 40 volts. Current 
is limited by Re and the ON resistance and comes out at about 
7 ma. The maximum ON resistance allowed in the Vc3 test is 
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7 50 ohms. We can expect that the res is ta nee is considerably 
lower when the unit has just gone ON and may be somewhat higher 
before it has gone OFF. If the ON resistance is 1000 ohms, the 
dissipation will be 50 milliwatts. In the OFF condition, dissi­
pation will be maximum when the d-c collector resistance 
matches the 15,000 ohms of Rb+ Re, Here the dissipation is 
only 35 milliwatts. The collector supply voltage could be 
raised to 60 or 65 volts without exceeding the power limit. 
Adding a load increases the ON current and thereby increases 
the pulse power dissipation. 

2.408 Considerations for Maximum Power 0 1..ltput 

When a step occurs in the output of a two-state cir­
cuit, the output can sometimes be represented by a very simple 
equivalent circuit before the step, and a different simple cir­
cuit after the step. This is possible and very fruitful in the 
present case. When the amplifier is OFF we see looking into 
the collector terminal a resistance of some 3500 ohms and an 
internal voltage of, say, -36 volts. Immediately after it has 
triggered, we see a few hundred ohms in series with the capac­
itor and an open circuit voltage of say -18 vol ts. ( These 
values are with a limit Vea transistor.) Now if we are going 
to use this transition to apply a step (following a quiescent 
condition) to an a-c coupled load, we can make use of a way of 
thinking that seems widely true, as follows: There is only one 
item of significance in the equivalent circuit before the step, 
namely, its open circuit voltage. The important equivalent 
circuit is made up of the interna 1 impedance (assumed resistance) 
after the step together with a voltage step of the difference of 
internal voltage before and after. A low internal impedance 
after the step corresponds to high available power. The 
present amplifier circuit has excellent performance in this 
respect. If the initial ON resistance is say 400 ohms, with an 
18 volt step, the available power is E2/4R = 0.2 watt. With 
higher supply voltage, high Vco and low Vc3, a power of more 
than a watt is readily attainable. Maximum pulse power would 
be delivered to a 400 ohm load with the assume d ON transistor 
resistance. The power starts to fall as the emitter capacitor 
voltage changes. The output voltage falls much faster than 
when there is no load. A higher resistance load dissipates the 
output energy more slowly. The available output energy is pro­
portional to the capacitance in the emitter lead. 

When this circuit puts out maximum pulse power, the 
duty cycle is rather poor. The duration of the output pulse is 
roughly the ON resistance multiplied by the capacitance. The 
duration of the recovery period is controlled by the values of 
emitter and base resistances which are much larger than the ON 
resist2nce. In the present case the duration of the maximum 
power output pulse would be about .01 x 10-6 x 400 = 4 
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microseconds as against a recovery time of 300 microseconds. It 
appears that the present design can be somewhat improved if 
maximum power output together with good duty cycle are needed. 

The maximum possible pulse current with the assumed 
constants is determined by the 18 volt step and 400 ohm inter­
nal resistance - that is, 45 milliamperes (a-c short-circuit 
load). This flows through the transistor from emitter to col­
lector, and corresponds to 800 milliwatts dissipation. If the 
capacitance were large enough to maintain this for 5 or 10 
microseconds or more, one could expect the transistor to be 
impaired. It is not yet certain how short such pulses must be 
to allow long transistor life. 

It has been mentioned that the internal output 
resistance immediately after a transition is of most interest 
for maximum pulse power output. This consideration bears on 
our choice o f whether an amplifier consisting of a triggerable 
monostable circuit should be normally ON or normally OFF, We 
would like to have the transition that occurs upon triggering 
to have the largest step of open circuit output voltage and 
lowest internal resistance following the transition. We would 
also like to have transistor dissipation and power supply drain 
low as much of the time as possible. The present circuit fits 
these requirements well. It seems true of all n-type tran­
sistor-triggered circuits that, if the circuit is to draw 
acceptably low steady current in the quiescent period before 
triggering, then high output power from the collector terminal 
is obtainable only from the positive step. 

2.409 Summary of Amplifier Circuit Performance 

Input and output are described here by giving an 
approximate equivalent circuit for each state. The circuit is 
resistance, capacitance (if any) and voltage in series. Varia­
tions shown are due mainly to Vco, which is assumed to lie 
between 20 and 200 volts. 

D-C Power Requirements: 

110 microamperes at -90 v~lts 

1 to 2-1/2 ma at -45 volts 

Input: 

Before triggering, 3500 to 5000 ohms, -18 to -5 volts 

During ON time, 200 to 1000 ohms, .01 microfarad 
with variable voltage. 
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Input can be built out with a resistur to avoid large 
steps in input resistance. 

Output: 

Before triggering, 3500 to 4500 ohms, -36 to -42 
volts 

During ON time, starts at 200 to 400 ohms, .01 micro­
farad, -18 to -5 volts respectively. Drifts negative 
for 10 to 40 microseconds, then snaps negative. out­
put load reduces the 10 to 40 microsecond ON time. 

Delay and rise time of positive output step: roughly 
0.1 microsecond. 

~ignal required for triggering: 

Input: Negative current step of 300 microamperes 
or more with rise time of 10 microseconds 
or less. 

Output: Negative current step of as little as 900 
microamperes. 

2.410 Additional Circuits for Delay 

Perhaps the simplest delay circuit would use the 
transition at the end of the ON time of a normally off trigger­
able circuit (such as the amplifier discussed in this report) 
as the output. This fails in the present case because the ON­
to-OFF transition of the amplifier is of wrong sense (at the 
collector) and is relatively weak in terms of voltage step and 
internal impedance after the step. Also, it is found that this 
step has a longer rise time than the OFF-to- ON step in the 
circuits considered. 

It seemed reasonable to take adva n tage of the stable 
sensitivity of the pre~znt amplifier and to use the amplifier, 
with its delayed negative step, to control a circuit which 
would give the desired delayed output. It seemed that a suit­
able circuit would be a two-state monos table arrangement. stable 
when the amplifier is stable, and driven to its unstable condi­
tion when the amplifier is triggered. At the end of the delay 
time it should fall back to its stable state and simultaneously 
give the desired output. A positive voltage step is needed at 
the end of the delay time. If output is taken from the collec­
tor, this means that the added circuit must go ON at the end of 
the delay time, that is, it must be the normally ON type. This 
may seem wasteful of d-c supply current, since the circuit 
wo·<.lld be OFF only a small fraction of the time. However, the 

- 556 -



alternatives seem less attractive. Eyen if we could use the 
negative voltage step obtained from the collector of a normally 
off unit, we would have the following trouble: Suppose we 
needed a 20 ma output pulse lasting two microseconds (such as 
needed for programming). A transistor can handle such current 
and duration. But if a transistor is to apply such a current 
to a load upon switching OFF, it must act by removing a shunt 
from the load. The transTsfor must have been passing the heavy 
current during the period before switching. In the present case 
this period may last as long as 40 microseconds, which is too 
long to pass 20 ma through the contemplated transistor. It 
appears that the step at the collector resulting from the OFF to 
ON transition has an important advantage for high-power ~utput 
in that the transistor need pass high current only as long as 
the load needs high current. This step is a positive voltage 
step with an n-type transistor. 

The primary requirement for the normally ON circuit 
is that it shall be extremely stable in the ON condition under 
adverse conditions. The simplest circuit that meets this is 
one with emitter grounded and base open. This circuit can be 
pulsed off by means of a positive pulse on the base. This fits 
perfectly with use of the amplifier to drive it. If the base 
is capacitor-coupled, the circuit will fall ON of itself after 
the base drifts negative. If a negative step (such as the 
delayed negative step from the amplifier) comes before this 
time, it will go ON in response. During the OFF period the 
collector drifts negative along with the base, so that a large 
positive voltage step is available. The complete circuit, 
which is used in tandem with the amplifier, is shown in 
Figure 19. 

There is one serious fault in the delay circuit. This 
fault has not prevented its being used and there are circuit 
means for improving performance. The fault comes about because 
the collector-to-base resistance remains low for a very short 
interval of time after the emitter current is cut off. The 
circuit starts out in its stable ON condition, with about 8 ma 
flowing emitter-to-base and base-to-collector. The amplifier 
ls triggered and the base is driven positive. The base-to­
collector resistance remains low for some fraction of a micro­
second. During this time the positive step on the base shows 
up as a positive pulse on the collector. This pulse is highly 
v2riable in its duration and amplitude. It may be as long as 
a microsecond and as high as 10 volts. The presence of this 
pulse violates one of the requirements. The pulse can be 
reduced at some cost in reduced output by clamping the base so 
that it never goes but a volt or two positive. In the shift 
register, a stronger than minimum set-to-zero pulse will over­
ride the spurious pulse. Also, in the model shift register, 
the coupling circuits reject a spurious pulse of less than 
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7 volt amplitude, while passing the desired pulse with little 
attenuation. 

2.411 Delay Circuit Performance 

D-C Power Requirements: 

7 to 8 ma at -45 volts 

Triggering: 

Controlled by amplifier output. 

(In the complete amplifier-delay, trigger sensi­
tivity is the same as given under amplifier. The 
complete unit is not sensitive to triggering on 
its output.) 

Output: 

Before positive step - about 3000 ohms, OCV 
-30 to -42 volts. 

After positive step - 200 to 400 ohms, OCV 
-2 to -3 volts. 

Transition time - about 0.1 microsecond or less. 

2.5 Shift Register Coupling Networks 

It is necessary to add a network between each delay 
output and the set-to-one input of the one-bit register to 
accomplish several functions. The main function is to transmit 
a positive step forward while blocking direct current. A 
series capacitor is used. The negative ste p at the beginning 
of the delay period must leak off the capacitor before the posi­
tive step comes along; this is in order that the input voltage 
of the register shall go positive with respect to its quiescent 
value. Looking out from the register, one should see a high 
impedance in order that a signal on the set-to-zero input can 
set the register easily. It is desirable to prevent the nega­
tive step at the beginning of the delay from appearing on the 
set-to-one input. Finally, it is desirable to prevent any 
spurious positive pulse at the beginning of the delay period 
from appearing at the set-to-one input when the register 1s 
storing a one. (In the case of a stored one it would hinder 
the set-to-zero. If the register were already storing a zero, 
no harm would come from its being set to one earlier than 
normal by the spurious pulse.) All these functions are taken 
care of by the simple circuit shown on the delay output on 
Figure 20. The shunt diode dissipates the negative step. 
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The series diode prevents forward transmission of the negative 
step and with the -10 volt bias shows a high resistance looking 
backward from the register. The resistor connected to -10 
volts allows transmission of a positive step With no loss when 
the register is storing a zero, and clips away the lower 7 
volts of a step when the register is storing a one. 

Coupling between bit-register output and amplifier 
input must transmit a negative step forward. It should give 
some a-c isolation (so that change of amplifier input impedance 
upon triggering will not disturb the register) and also d-c 
blocking. A series capacitor and resistor as shown in 
Figure 20 accomplish this. 

The coupling in the common set-to-zero circuit from 
the program generator must transmit a positive pulse to all 
registers that are in the one condition. It must be such that 
each bit register sees a high resistance when it is being set 
to one by the delay circuit. Also, the negative step that 
appears on the set-to-zero input of a bit register when the 
stage is set to one should not be transmitted to any other 
register. The negative step from the program generator (the 
step or decay following the desired positive step) should be 
dissipated before the next program pulse occurs. These func­
tions are accomplished by the simple diode and resistance cir­
cuit shown in Figure 20. 

3.0 Operation of the Model Adder-Shift Register 

A model has been built in which an adder is fed by 
two shift registers, all of the type des~ribed herein. The 
system bloc k d iagram is given in Figure 1. One shift regis­
ter has 5-bit capacity and the other 4-bit capacity. The 
system can be controlled by a program generator, using tran­
sistors for active elements which has been built to operate the 
system at high speed. Rates of 3000 complete additions (of a 
pair of digits ) per second were easy to attain. This rate is 
about five times as fast as that required; it 
was chosen to give a reasonable margin. The program is such 
that a single pulse fed into the program generator initiates 
the following events: (1) An immediate negative pulse on the 
"add II input to the adder; ( 2) after roughly 50 microseconds, a 
negative pulse on the "carry" input of the adder; (3) after a 
further 50 microseconds, a positive pulse on the "shift" lead 
corr@on to the two shift registers. After a wait of 350 micro­
seconds, or any longer time after the initiation pulse, the 
system is ready for another initiation pulse. 

One way to demonstrate operation is to store two 
biDary numbers in the two shift registers, supply a shift 
register to store the output of the adder, and supply initiation 
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pulses slowly by hand. The sum should move into the output 
register, and remain there if pulses are stopped. Or, one 
could connect the output of each source register back to its 
input ( say four stages of each source register used) so that 
the input numbers would not be lost, but would pass through a 
register over and over. The output to input connection is in 
addition to the connection from shift-register output to adder 
input. Then one could supply initiation pulses at high speed 
and monitor the adder output with an oscilloscope. The sum 
should be repeated over and over. 

A method was worked out which would not only check 
high speed operation, but would also give a permanent indica­
tion in case an error occurred in any operation whatever. This 
error-detecting setup is a very satisfying way of determining 
whether the model can run for long periods without a single 
failure of any part on any operation. Such performance is not 
essential in the data transmission system, which can tolerate 
occasional errors, but it is a valuable test. To operate 
error-detecting, we must choose input numbers a and b such that 
a + b = 2b ( or 4b or some integra 1 multiple of 2b) . Suppose we 
choose a+ b = 4b. In binary notation, 4 is 100. The sum 
(4b) is binary 100 x 1 of the input numbers (b). This means 
that the sum is the same as one input number except that it is 
displaced two places towards more significance. Therefore the 
sum, moved two places towards less significance, is identical 
with one of the input numbers. For example: 

a= 10101 

b = 00111 

a+b 11100 

Now if we recirculate 11
c1 11 in its register, and supply the sum 

serially at the proper place in the other register, we can 
supply as many initiation pulses as there are digits in a, and 
we will end up with the original numbers a and b standing in 
the input registers. In general, this will be true only if 
addition, carry, shifting, and storage have been done with no 
error. If we supply initiation pulses steadily at high speed, 
the number b will pass over and over through the register. This 
can be shown as a pattern on an oscilloscope. However, if 
there is a single error at any time, the adder will not supply 
the number 100b, and the pattern on the scope will change 
permanently. 

With about half the transistors in the model just on 
the limits given in Part 2.3, the model has performed many 
millions of successive operations without error. The limits 
represent values that transistors can meet over a very wide 
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temperature range. With these transistors, any supply voltage 
can be varied about ±15% without causing an error in the high­
speed error-detecting operation. 

4.0 Conclusions 

Transistor circuits have been designed and built which 
perform very well the functions of binary a~dition, storage, and 
space-division to time-division conversion needed in a data 
transmission system. The power drain is about eight to one bet-
ter than in present electron-tube design, and it appears 
that the volume should also be smaller by about the same factor. 
Even as they stand, the transistor circuits show promise of 
rather wide use. Considerable insight into systematic design 
of two-state transistor circuits has been gained. 

There are several things in the immediate field that 
need to be investigated as follows: (1) Can a regenerative gate 
be a better shift register interstage than the amplifier-delay? 
(2) What is the upper limit on speed of operation of the one-bit 
register, and why? (3) Can temporary storage be designed to be 
more attractive than permanent storage? (4) What is the 
expected life of transistors operating in the present register­
adder circuits at various ambient temperatures? 
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A PACKAGED ANGULAR POSITION ENCODER 

1.0 Introduction and Purpose 

In a previous study, a zero order system analysis of 
an optical angular position encoder was made in which three 
alternate forms of such an encoder were discussed and compared. 
As a result of the analysis two encoder types (Band C) were 
selected for zero order circuit, device, and package phase 
investigation. Although changes did not alter the general 
system functions, Encoders Band C were relabeled D and Ere­
spectively, for convenience in identification . First ord~r 
system feasibility studies of Encoders D and E (and their 
predecessors Band C) were conducted on the basis of analog. 
to-digital encoding of the least significant dig it of a 15 
digit code wheel system. 

During the course of those investigations it was de­
termined that final feasibility proof would include demonstra­
tion of the angular position encoder usin~ miniaturized func­
tional transistor packages wherever possible. In particular 
the feasibility demonstration was to include the analog-to-' 
digital encoding of the 6 least significant dig its of a 15 digit 
"Gray" code wheel, storing of the 6 parallel code digits in a 
shift register, conversion of the "Gray" code digits to binary 
form, and finally the shifting of the resulting binary code into 
a dummy line in time sequence. 

The purpose of this report is to summarize and 
evaluate the results of first order studies of the angular 
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position encoder (type E) in all phases with respect to its use 
as the encoding function in the data transmission system speci­
fied above. 

2.0 System Phase 

2 .1 Encoder E 

The basic function of Encoder Eis to translate the 
angular position (analog information) of an input shaft into a 
parallel digital code in the form of electrical pulses by 
phofoelectric reading means. The separate block functions to 
accomplish this encoding process are shown in Figure 3-1. A 
light source provides an electronically pulsed light of high 
intensit~ with a duration short enough to decay before one 
quantuml5) of the Gray code wheel has passed a radial defin-
ing aperture at the fastest desired angular rate of motion. 5) 
Such a light pulse can act as a reading gate to sample the 
instantaneous angular position of the code wheel or shaft. 
Behind the one-half quantum radial defining apertures are 
placed p-n junction photocells to obtain an electrical repro­
duction of the light pulse as seen through the code elements 
and the defining aperture. 

A typical code resolution envelope of peak p-n photo­
cell output current versus relative position of the code wheel 
is shown in Figure 3-2. The envelope deviates from an ideal 
rectangu]ar (on-off) form because of diffraction effects and 
the finite width of the defining aperture and light source. In 
addition, light leakage in the least significant digits is 
sufficient to create p-n photocell pulse currents in opaque 
code positions. To minimize the uncertainty in resolution of 
a quantum step, a transistor regenerative pulse amplifier is 

(3)one Quantum is~ .001 inches on a 15 digit code wheel at a 
radius of 5 inches. 

( 5 ) A 90°/sec. angular rate is equivalent to approx. 8000 
qusnta/sec. in a 15 digit system. One quantum passes the 
defining aperture in 125µ sec. 
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employed which will give an output pulse only when its trigger 
threshold is exceeded. Ideally, this threshold should be 
equal to the peak p-n current pulse amplitude occurring at 
equal on-off code distances as shown on Figure 3-2. An 
increase in trigger threshold (light intensity and p-n sensi­
tivity constant) is seen to decrease the 11 1 11 or transmission 
distance and increase the 11 0 11 distance, whereas a decrease in 
trigger threshold reverses those changes. Similarly, a 
decrease in peak light intensity and/or p-n photocell sensi­
tivity (trigger threshold constant) causes a decrease in the 
11 1 11 or transmission distance. 

Therefore, a basic system problem is to properly 
divide the operating margins between peak light intensity, p-n 
photocell current sensitivity, and trigger threshold of the 
regenerative pulse amplifier to insure that under specified 
temperature changes and aging changes, the combination of 
these variables shall not cause loss of resolution of any 
single quantum step. Studies indicate that variability is 
least in the p-n sensitivity, greater in the triggering 
threshold, and greatest in the peak light intensity, or that 
the present limitation is the life of the light source. A 
discussion of these variables is given in Sec. 3. 

Encoder E was preferred over Encoder D(7) as the 
type to be used for a final feasibility demonstration for the 
following reasons: 

1. The problem of readout gating is simpler. 

2. The peak light intensity is much higher than in D, 
relaxing the requirements on photocell and regenera­
tive pulse amplifier sensitivity. 

3. The light source does not heat the p-n photocells 
appreciably, while heating effects in D were a major 
problem. 

It should be noted, however, that Encoder E may be restricted 
to slower speed systems than is D because of the present life 
limitation on arc discharge flash tubes using high repetition 
frequencies. 

( 7) Encoder D 
differs from E only in that D employs a steady incandescent 
lamp source with output pulses generated only upon appli­
cation of a sampling gate bias to the p-n photocells. 
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A final system requirement for Encoder Eis that the 
output pulse for each Gray code digit have an amplitude and 
energy sufficient to operate reliably suitable output circuits 
for eventual transmission as time sequential binary code. First 
order studies resulted in design of a particular Gray to Binary 
converter-Shift Register configuration which set the exact 
encoder output requirements. A discussion of this configura­
tion is g~ ven in a report (B_) and a list of Encoder E system 
characteri~tics based on use in the system is compiled i s 
lA, Appendix I. n ec. 

2.2 Gray-to-Binary Converter - Shift Register 

Gray to binary conversion( 8) is basically a 11 NOT AND 11 

comparison process performed in the following manner: 

The most significant digit (x) in Gray code is the 
same as the most significant digit (x) in the binary code. The 
resulting (x) binary digit is compared with the next most sig­
nificant (x-1) Gray digit on a 11 NOT AND 11 basis. That is, if 
the (x) binary and the (x-1) Gray digits are alike (o,o or 1,1), 
a 11 0 11 will result for the (X-1) binary digit, but, if unlike 
(o,l or 1,0), a "l" will result for that binary digit. This 
process is continued down to and including the least significant 
digit, resulting in the binary equivalent of the original Gray 
code. Vcirious circuital methods are available for accomplishing 
the conversion process. A unique arrangement was developed by 
R. E. Yaeger which combined the conversion process with the 
shift register function. 

2.3 Programming 

The flow chart of Figure 3-3 shows how the encoding 
function {Encoder E) supplies parallel Gray code information 
to the converter - shift register, The operation of the sys­
tem with programming may be described sketchily but simply as 
follows: 

A "READ 11 pulse applied to the light source causes 
instantaneous sampling of the Gray cede digits on the simulated 
code wheel, which digits appear at the encoder output in the 
form of parallel Gray code pulses and are stored simultaneously 
in the bit registers. After stabilization of the register 

(8) "A Gray to Binary Translator and Shift Register", by 
R. E. Yaeger 
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circuits a CONVERT pulse applied to the regenerative gates 
through ~ppropriate delays (Regen. Amp.) permits the "NOT AND" 
comparison to take place, with the result that the stored Gray 
digits are converted into stored binary digits. After this 
process is complete, a series of SHIFT pulses applied to the 
bit registers shifts the binary digits out of the bit registers 
in time sequence. The program pulse train is shown in 
Figure 3-4 with a sequence of READ, CONVERT; and SHIFT, 
respectively. The time interval between the READ and CONVERT 
pulses is expanded to show the timing delays in Encoder E and 
the shift register which must elapse before the CONVERT pulse 
may be applied. The time required for the photocell current 
pulse to reach its peak value is about 5-15 µ sec. 2fter the 
READ pulse. Storage delay in the input of the regenerative 
pulse amplifier adds 15-25µ sec. to the former delay with a 
resulting total delay of 20-40µ sec. between the rise of the 
READ pulse and the rise of an encoder output pulse. After the 
encoder output pulses are applied to the bit registers, 
stabilization time is required for the bit register and pulse 
steering circuits, after which the CONVERT pulse may be 
applied. 

Specific programming requirements are given with the 
description of converter-shift register operation. 

3.0 First Order Circuit and Device Phase Results 

3.1 Encoder E 

3.11 Light Source 

The light source for Encoder E (see Fig~re 3-10) 
consists of a high intensity arc discharge lamp (SA309) which 
supplies a short pulse of light when triggered. The light 
pulse has a rise time of about 5µ sec. and a duration of 
40µ sec. (9) Breakdown current for the gap is supplied by a 
600 volt, 20 ma. power source. The lamp remains deionized, 
however, until an external high voltage trigger coil encircling 
the breakdown path supplies the rate of change of field 
necessary to break dcwn the gap. A pulse modulator consisting 
of an OA5 thyratron and a pulse transformer, when triggered 
by a sampling or read-out pulse, supplies the HV breakdown 
pulse. Deionization is accomplished with an RC circuit 

(9)see footnote 3 for a typical pulse duration requirement. 
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consisting of R6 and C3. (R6C3 = .02 sec. or one-fifth of the 
repetition frequency, allowing almost complete charge between 
flashes.) 

An equipment design precaution must be observed in 
that the modulator and arc discharge lamp must be placed in one 
housing to prevent external radiation from the high current and 
high voltage carrying components and leads. Such a precaution 
reduces external noise voltage by about 40 db and makes it 
possible to eliminate shielding of the p-n photocell, regenera­
tive amplifier, and output circuits. 

The life of the arc discharge lamp is probably the 
limiting factor in encoder reliability of operation. Life 
studies of the SA309 are in process using a sampling rate of 
10 pps, and a p-n photocell (calibrated under standard optical 
conditions) to measure peak light intensity at prescribed time 
intervals. At this writing one sample has had a half-amplitude 
life of about 700 hours. A reference list of light source 
characteristics and specifications is compiled in Sec. 2A, 
Appendix I. 

3.12 Code Wheel Simulator and Optical System 

The code wheel simulator reproduces in all essential 
respects the specifications set for~ 15 digit angular posi­
tion encoder by the Signal Corps.(lOJ A glass code plate con­
taining 64 quantum steps of .001 inch each and employing the 
6 least significant digits of the 15 digit reflected binary 
code was obtained by photographic reduction of a greatly 
enlarged master drawing. The code plate (See Figure 3-5) and 
a .0005 inch engraved defining aperture are mounted on a micro­
manipulator as shown in Figure 3-6. Lateral motion of the 
code plate past the defining slit is measurable to the nearest 
.0001 inch {1/10 quantum) by means of an enlarged micrometer 
scale. Provision is made for mounting the photocell and 
defining slit assembly in a holder permitting alignment of the 
defining slit parallel to the radial code elements. Micrometer 
adjustment of the distance between the surface planes of the 
code plate and defining slit makes possible the simulation of 
wobble effects in an actual code wheel. This distance is 
specified to be .010 ± , 005 inches. Distance between the 
emulsion side of the code plate and the protruding end of the 
SA309 bulb (Figure 3-10) has been set at 5/8 ±1/16 inch on 

----------------------------
( lO) 11 Angular Position Encoder", Signal Corps Tentative 

Specification, No. SCL-1210, January 10, 1949. 
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the basis of tests for optimum code resolution. A detailed 
reference list of simulator-optical system characteristics and 
specifications is compiled in Sec. 3A, Appendix I. 

3,13 P-N Junction Photocell 

The rectangular geometry of the sensitive area of 
the p-n photocell and its small size make the cell ideally 
suited for alignment in this encoder, where the requirement 
is that active areas be .1 inch apart along a single straight 
.0005 inch defining slit. A typical 6 digit package less 
defining slit is shown in Figure 3-7. The potting of 6 p-n 
photocells in a bio-plastic package (coded Ml749-l) has been 
successful. In a representative sample, no perceptible change 
in ac current sensitivity occurred after potting. The 
electrical stability with age of cells in the package appears 
excellent, and although not tested under extreme variations 
of temperature, it is expected from earlier tests on indi­
vidual p-n cells that ac current sensitivity will not be 
affected substantially. 

The p-n photocell package with its connecting cir­
cuits is indicated in Figure 3-10. Bias is supplied to each 
photocell through bias resistors R8 to Rl3, The bias 
resistance value was chosen to be small in comparison to the 
high reverse impedance of the p-n cell but large enough not to 
load appreciably the amplifier input impedance of about 
15 kilohms. 

The photocell output currents are coupled to the 
regenerative amplifiers through condensers CS to ClO to insure 
that slow dark current increases with temperature will not 
trigger the amplifiers falsely and produce spurious encoder 
output pulses. If this restriction were not present, photo­
cell bias could have been supplied directly by the negative 
d.c. voltage at the regenerative pulse amplifier input. An 
advantage accruing from the use of a pulsating light source is 
that the ac sensitivity characteristics of the p-n photocell, 
which are fairly constant with temperature, can be utilized. 

A reference list for p-n photocell, package, and con­
necting circuit specifications is compiled in sections 4A and 
6A, Appendix I. 

- 590 -



r 
3.14 Regenerative Pulse Amplifier 

In previous first ordeF studies the particular re­
generative amplifier employed was of the type shown in 
Figure 3-8. The general operation of this circuit has been 
described in a discussion of base stabili~ation of negative 
impedance characteristics of transistors.\12) 

Negative emitter bias is obtained by a current through 
Rl which opposes and is greater than Ico, the collector current 
existing with zero emitter current. The negative bias voltage' 
corresponding to the trigger threshold is approximately 
Ibias R1-Ico R1 or 

It is evident that variation in trigger threshold is very 
dependent upon changes in Ico when Ibias is comparable to it 
in magnitude. This condition exists at low trigger thresholds 
and is a disadvantage since Ico in switching type transistors 
is somewhat variable from unit to unit and with time and 
temperature. In previous encoder studies using this circuit, 
low trigger bias voltages (ERR or 4 volts) were required; in 
those cases the variation in trigger threshold between units 
was 2/1 or more. Such a variation was considered too severe 
to permit its use as a level reading device in the encoder 
(Figure 3-2). 

The monostable multivibrator circuit of Figure 3-9, 
however, has a trtgger threshold which is largely independent 
of Ico changes(l3). The bias current flowing through R1 is 
essentially constant, determined largely by the values of Eb 
and R1, since R1 is much higher than the transistor input 
impedance to ground. Trigger threshold is stabilized by 
shunting between emitter and base a resistance R2 whose value 
1$ low 1n comparison with the back resistance of the emitter. 
Variation 1~ trigger threshold is caused by a complex combina­
tion of currents flowing through collector to emitter leakage 
resistance and base ~esistance but is usually small. In use 
with trigger thresholds suitable for encoder operation, a 

- - - - - ------------------
(12) "Idealized Negative Resistance Characteristics of the 

Transistor", by R. L. Trent. 
( 13) "A Stabilized Transistor Delay and Switching Circui t 11 , 

by A. E. Anderson. 
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maximum threshold variation of ±25% is typical (see Figure 3-9) 
and is tolerable as a level reading variation. 

The triggering characteristics of this circuit may 
be described using the emitter characteristics as shown. With 
negative emitter bias the input impedance is high (~15,000 
ohms) and remains high until the triggering point is reached. 
At the transition a zero impedance voltage source (a Condenser 
C) is needed to supply current during the short but finite 
zero impedance region. In order that C have no effect on the 
critical triggering value, its value should be such that it 
would be almost completely charged to the desired triggering 
value during the time of the p-n current pulse. For the type 
of p-n pulse in Encoder E that value of C is about 300 µµf, 
but such a value results in an output pulse of rather short 
duration (1µ sec.). To increase the output pulse energy some­
what at a slight cost in input sensitivity, C was raised to 
500 µµf. The resulting average dynamic and quie s cent charac­
teristics are shown in Figure 3-9. The output pulse maintains 
a minimum amplitude V2 for an average duration of 4µ sec. \'lhich 
is sufficient to operate the bit registers of the converter­
shift register. An additional regenerative amplifier of the 
same type but with a much larger C may be used in tandem in 
applications requiring a longer output pul s e. The regenera­
tive amplifier of Figure 3-9 has been coded Ml733-2 and 
packaged using the Auto-Sembly technique. A reference list of 
its characteristics is compiled in Sec . 5A , Appendix I. 

3.2 Converter-Shift Register 

The converter-shift register was designed to use in 
as many places as possible functional packag es already developed 
or in process of development. In particular, packages used 
for the main functions shown in Figure 3-3 are: Ml 736-1 Bit 
Register, Ml731-l Regenerative Gate, .r,.,11733-1 Regenerative 
Amplifier. Development work consisted lar~ely of the design 
of appropriate connecting circuits. One passive connecting cir­
cuit function shown as "Pulse Steering" was repeated so ofien 
in the system that it was also packaged and coded Ml 751-3. A 
simolified schematic of the converter-shift re~ister is shown 
in Figure 3-12 for reference only. Detailed characteristics 
of this circuit are given in another renort by R. E. Yaer er.* 

4.o Summary of Package Phase 

In the introduction it was stated that feasibility 
of the 15 digit encoder would be demonstrated by the 

*"A Gray to Binary Translator and Shift Reg ister", by 
R. E. Yaeger. 
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analog-to-digital encoding of the 6 least significant digits 
of a 15 digit "Gray" code wheel, storing of the 6 parallel code 
digits in a shift register, conversion of the Gray code digits 
to binary form, and finally, the shifting of the resulting 
binary code into a dummy line in time sequence. During the 
course of investigation of the encoder-converter-register 
principles, first order feasibility of this 15 digit system 
seemed assured on the basis of extensive tests on breadboarded 
circuits working separately and together in such a system. 
However, final feasibility proof was to consist of demonstra­
tion of packaged functional packages working separately and 
together. Functional packages comprising this system have 
already been described in detail, the specifications and oper­
ating characteristics of the packages have been set, and the 
packages have been coded. The packaged Encoder i model is 
shown in Figure 3-11. From left to right are the light 
source, code plate assembly, defining slit, a 6 digit p-n 
photocell package coded Ml749-l, an assembly of p-n bias 
resistors, and 6 regenerative pulse amplifiers coded Ml733-2, 
respectively. The packaged converter-shift register model is 
shown in Figure 3-13. The package-to-circuit relation may be 
seen by referring the M numbers on the packages back to the 
simplified schematics of Figure 3-10 and 3-12. 

Figure 3-14 shows the encoder model and the converter­
shift register model assembled as a working angular position 
transmitter. The resolution of 64 quantum steps of .001" each 
has been demonstrated by an oscilloscopic presentation of the 
time sequential binary code representing each individual quan­
tum step. The CONVERT pulse was removed at times to allow the 
Gray code to be shifted out in time sequence. This allowed a 
comparison of the Gray and binary equivalence for any of the 
64 quantum steps. 

On the basis of existing specifications for and 
operating characteristics of the packaged model it is assumed 
that first order feasibility of 15 digit angular position 
encoding using functional packaged circuits has been proven. 
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Appendix I 

Reference List for Encoder E Characteristics 

lA. System (General) 

Input READ Pulse 

Amplitude +85 v. min. 

Duration .... 10µ sec. min. 

Rise time ... 1µ sec. max. 

Output Pulses (Gray or reflected bina~y) 

Amplitude ... 20 v. min. 

Duration .... 2µ sec. min. 

Rise time .... 0.2µ sec. max. 

Code Resolution Tolerances (Figure 3-2) 

"l II Total transmission distance . . . . nomina 1 ± • 0005 inch 

11 0 11 Total no transmission distance 

Power Drain (typical values) 

Supply Voltage Current 
(ma) (Volts) 

-45 

-90 

-135 

+600 

5.0 

.06 

1.8 

15.0 

Total Power 
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nominal 
± . 0005 inch 

Power 
(Watts) 

.225 

.005 

.24 

9.0 

9.47 



2A. Light Source 

Block diagram Figure 3-1 

Circuit schematic ......•......... Figure 3-10 

Photograph ....................... Figure 3-6, 3-11, 3-14 

Circuit components list .......... Appendix II 

Power Supply Spec. 

No load .............. 650 v. max. 

Full load ............ 600 v. max., 20 ma. min. 

SA309, Electrical Ratings 

Anode Voltage 

425 v. min., 600 v. max. 

Trigger Voltag~ 

4KV min., 12 KV max. 

Max. dissipation ........ 3.5 watts* 

Repetition frequency 100 pps max. 

Input READ Pulse 

Amplitude ....... + 85 v. min. 

Duration ........ 10 µ sec. min. 

Rise time . . . . . . . 1 µ sec. max. 

Dynamic Characteristics 

Repetition frequency ........ 10 pps 

Output light flash 

Rise time ( 10% to 90% peak) 5µ sec. 

- - - - - - - - - - - - - - - - - rc(v)2- -
*Tube dissipation in watts equals 2 where 

C is discharge capacity in µµf 
Vis voltage in kilovolts 
f is number of flashes per second 
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Duration . . . . . . . . . . . . . . . . . . . . 40 µ sec. 

SA309 dissipation 

Total power drain 

3.5 watts 

Si watts 

3A. Code Wheel Simulator and Optical System 

Block diagram ........ Figure 3-1, 3-10 

Photograph 

Parts list 

Figure 3-6, 3-11, 3-14 

Appendix II 

Code wheel Specifications 

(a) "Angular Position Encoder, 11 Signal Corps Tentative 
Specification, No SCL-1210, January 10 , 1949. 

4A. P-N Jw,ction Photocell Assembly ( Ml 749-1) 

Block diagram .............. Figure 3-1, 3-10 

Photograph . . . . . . . . . . . . . . . . . Figure 3-7 

Power Supply Spec .......... -90 v ±1 0% 

5A, Regenerative Pulse Amplifier (Ml733-2) 

Block diagram ............. Figure 3-1, 3-10 

Circuit schematic ......... Figure 3-9, 3-10 

Photograph ................ f'igu1·e 3-11, 3-14 

Circuit components list ... Appendix II 
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Power supply spec. 

-45 v. ± 10% 

-135 v. ± 5% 

Operating characteristics ... Figure 3-9 

6A. Connecting Circuits for Encoder E 

Parts list ............ Appendix II 
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APPENDIX 11 

Partial Stock L1st for Encoder E (Figure 3-10) 

2.0 Light Source 

Quan. Part No. Description 

1 Rl 240K ±5%, 1/2 w 

1 R2 470K ±5%, 1/2 w 

1 R3 10 meg. ±5%, 1/2 w 

1 R4 120K ±5~t, 1/2 w 

1 R5 20 meg ±5%, 1/2 w 

1 R6 lOK ±5%, 10 w 

1 R7 33K ±5%, 2 w 

1 C 1 .01µ f, 150 V 

1 c2 . 5 µ.f, 1000 V 

1 c3 2 µf, 1000 V 

1 Tl PF-3, UTC Pulse Transformer 15 KV 
penk 

l Vl UA5 

l ✓2 SA309 
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3.0 Code Wheel Simulator and Optical System 

Quan. Part No. 

1 B3S-750820 

1 

1 

Description 

Code Wheel Simulator ASS'Y• 

Code Plate, Figure 5 

Defining Aperture, .0005 11 

(Lyman Nichols, Nutley, New Jersey 

4.0 P-N Photocell package 

Quan. Description 

1 Ml749-l, 6 Digit P-N package 

5.0 Regenerative Pulse Amplifier 

Quan. Descri2tion 

6 Ml733-2 Regenerative Pulse Amplifier 

6.0 Connecting Circuits for Encoder E 

Quan. Part No. Description 

12 C5-Cl6 . 01 µf, 150 v. 

6 R8-Rl3 330K ±10%, 1/2 w 
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Fig. 3-5. 6 Digit Gray Code Plate 

Fig. 3-6. Light Source and Optical System for Encoder E 
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A GRAY TO BINARY TRANSLATOR AND 

SHIFT REGISTER 

The purpose of this report is to describe the theory 
and operation of a combined Gray (reflected binary) to binary 
code translator and shift register. The Gray or "Reflected 
Binary" code has the unique advantage of presenting only a 
single digital change at the transistion of one quantum step 
to the next. Translation of the Gray code output to binary 
code is required as computing and decoding in Gray code are 
not possible by the usual binary circuit configurations. Gray 
code computing circuits can be devised, but each of such circuits 
would require some system of operation on the Gray code similar 
to the translation process. 

Translation Process 

Although it is possible to describe the arithmetical 
gymnastics which show the required translator process, it is 
simpler to describe here the basic process by t he comparison of 
the representative groups of Gray and binary numbers shown in 
Figure l • Only 4 digits are shown in the Figure; the general 
rules apply, however, to any number of digits. In examining the 
two different codes it is readily seen that the most significant 
digits of the codes are always the same in equivalent numbers. 
In the example shown in Figure 1 the first translation step 
shows the most significant digit (#1) becoming binary without 
change. The next or 2nd digit of the binary number depends, 
however, on the comparison of the 2nd Gray digit and the 1st bi­
nary digit. If in this comparison the digits are alike (0,0: or 1, 
1) the resulting binary digit is a O; if they are different (0,1 
or 1,0) the resulting 2nd binary digit is 1. In turn, the 3rd 
binary digit depends on the same comparison of this resulting 
2nd binary digit with the 3rd Gray digit. When these comparisons 
have been completed down to the least significant digit, the 
result is the equivalent binary number. 

A basic functional configuration for translation ?f 
parallel Gray code is shown in Figure 2. Here the NOT AND 
gates provide the series of comparisons described above. The 
NOT AND gate is a device such that if either one, and only one, 
of the 2 inputs is stimulated with 1, the output will be a 1. 
If both or neither are stimulated, the output is a O. The 
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connections to these gates are such that the nth binary digit 
is the result of the NOT AND comparison of the nth Gray digit 
and the (n+l) th digit resulting from a similar previous com­
parison. It is apparent that the binary input to the NOT 
AND gate is delayed with respect to the Gray input from the 
encoder by the time required for the previous comparisons of 
the more significant digits. The NOT AND gate must therefore 
be capable of comparing two input pulses that are not neces­
sarily coincident. 

Figures 3 and 4 show how these two methods of 
translation may be used in an Optical Data Transmitter System. 
In the serial method of translation of Figure 4 the two direc­
tional shift register is required to reverse the transmitter 
sequence to least significant digit first, this 9eing neces­
sary for the serial addition of aprallax correction. The re­
quirement of this additional register appears to outweigh 
the advantages of using the simpler serial translator. 1-Lethods 
for translations of the parallel code were therefore primarily 
considered. 

NOT AND Gate 

In a previous report* there is discussed the problems 
of NOT AND gates for input signals which are not exactly co­
incident. ln his report several types of transistor and diode 
NOT AND gates were shown which are applicable to a parallel 
code translator. Investigations of the shift register cir­
cuits, however, showed the possibility of combining the func­
tions of translator and shift register, reducing the total 
number of components required for these two functions. This 
resulted in a program controlled NOT AND gate configuration 
shown in Figure 5. The essential parts of this gate are the 
"one bit" register of the shift register** and a supplemen­
tary threshold 2 AND gate. As indicated in this figure, 
steering control has beeµ added to register #2. The function 
of the steering control is to control input pulses in such a 

- - - - - - - - - - - - - - - - - - - - - -- - - - - - - - -
*Anticoincidence or 'Not And' Gate", by L. W. Hussey. 
""*"Storage and Addition of Binary Numbers~ by J. R. Harris • 
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way that they always change the state of the register. That 
is, if the register is in a state of 1, a pulse on the input 
will change it to a O; if the state is a O, a pulse will change 
it to a l. This action is identical to the count act ion of a binary 
counter stage. 

To examine the operation of this gate, assume that 
both registers have been cleared by a previous operation and 
that a new pair of digits is read into the register states by 
setting those stages to one where the digit is a "l" and leav­
ing the other stages in a zero condition. A "compare" pulse 
is then applied to one of the inputs of the AND gate. This 
gate is connected to register #1 in such a ~ay as to transmit the 
compare pulse only if register #1 is in a 1 condition. If the 
gate does transmit a pulse, it will then change the stage of 
register #2. The final state of register #2 is the NOT AND 
comparison of the original numbers. This can readily be checked 
by trying the four possible combinations: 0,0 and 1,1 which 
result in a O; and 1,0 and 0,1 which result in a 1. A desir­
able feature of this gate is that the in~ut signals to be com­
pared do not have to be coincident. The only timing require­
ment is that the registers be set before the "compare" pulse 
is applied. 

Figure 6 shows the configuration for a parallel Gray 
to binary translator incorporating this NOT AND Gate. Each 
register stage is also a part of a complete shift register, the 
connecting circuits of which are not shown for reasons of sim­
plicity. To examine the translation operation assume that the 
shift register has been cleared initially so that all "One bit" 
registers are in a state of O. Under the control of the 
system program a Gray code number is "read" in the encoder and 
the digits, in short duration pulse form, are applied to the 
inputs of register. When the condition of the register has 
stabilized, storing this parallel Gray code number, a "trans­
late" program pulse is applied at AND gate #1. The NOT AND 
comparison describ~d above is then made for the most significant 
digit in register #1 and the next digit in register #2. The re­
sulting cortdition of register #2 is the binary equivalent of the 
original Gray digit. After a time delay of suffici~nt length 
to insure translation a1d stabilization in register #2 the 
translate eulse i~ applied to gate J2, comparing the state of 
registers ff2 and #J. After this comparison, the digit in 
register #3 is in binary form. Again, after an appropriate 
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delay the translate pulse is applied to gate #3 with the 
result that all registers are then storing the binary equivalent 
of the original Gray number. 

Circuits 

Figure 7 shows in schematic form the details of 
the translator described above. For simplicity, only 3 storage 
registers are shown and the interstages for digit shifting are 
omitted. The circuit for the storage register has been previously 
described*• The method for steering control for 
this register is shown in Figure 4.1-9, In this figure assume 
transistor #1 of the register is in the 11 on 11 condition, in which 
case its base and collector are at approximately -10 and -12 
volts respectively. The difference between these voltages, 2 
volts, is the effective back voltage on diode #1 of the steering 
circuit. At the same time the base and collector of the 1'off 11 

transistor are -4 and -35 volts respectively, biasing diode #2 
approximately 31 volts in the back direction. It is apparent 
that under these conditions a positive input pulse on the 
control circuit, having an amplitude between 20 and 35 volts, 
would be readily steered through diode #1 to the base of 
transistor #1, turning this transistor off and transistor #2 
on. The storage effect of C1 and C2 tends to keep the input 
pulse correctly steered until the register has completely changed 
state. After several time constants of R1C1 ( or RcP 2) diode #2 
becomes the readily conducting diode to an input pulse, enabling 
the next input pulse to turn transistor #2 11 off" and #1 11 on 11

• 

The six passive components for the steering control have been 
packaged into a single functional package, Ml751-3, the 
specifications of which are given in Fig. 13. To provide 
sufficient triggering level for the register stage a transistor 
regenerative gate is used for the AND gating function.* 

The delays for the translate pulses are obtained from 
the cascaded stages of regenerative pulse amplifiers in the 
following manner: at the time the negative program translate 
pulse is applied, the first regnerative amplifier (amp, #1) 
is triggered, providing a positive output pulse of about 60 µsec, 
duration. The positive leading edge of this pulse is applied 
to gate #1, while 60 µsec. later the negative trailing edge 
triggers amp. #2. The positive leading edge of the output 
pulse of amp. #2 is applied to gate #2; while an additional 
60 µsec. later amp. #3 is triggered by the trailing edge. 
This action continues along the entire chain of amplifiers, 
providing in each step a delay of approximately 60µ sec. 

- - - - - - - - - - -
*"St()rage and Addition of Binary Numbers", by J. R. Harris. 
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As seen in the diagram of Figure 7, the output of 
the regenerative amplifier is differentiated and attenuated from 
approximately 25 volts to 20 volts by the condenser divider 
network, C1 and C2, providing the proper critical triggering 
level for the regenerative gate. When the regenerative gate is 
triggered, the emitter current maintaining the transition of 
the gate in the 11 0N;' condition is supplied by the charge stored 
in c1 and C2, c1 and c2 in parallel, therefore, determine the 
charge available in the output pulse of the gate. In determining 
the value for the parallel combination of Cl and C2 two things 
must be considered. If the register controlling the regenerative 
gate has just changed state due to the translation of the digit 
it was storing, the change must be applied to the gate before 
translation of the next digit by charging C1 and C2 in parallel 
through R1. The higher the value of C1, plus C2, the greater 
the time required per digit for translation. Yet C1 and C2 
must be sufficiently large for the gate to supply an adequate 
signal charge for setting its associated register stage. As 
high speed translation was not required in this system it was 
possible to make C1 plus C2 large enough to meet this requirement. 
Where higher speed translation may be required a non-storage 
type gate might be used in conjunction with regenerated gain, 

The dotted enclosures on Figure 7 
functional packages used in the translator. 
their specification are given in Table 1. 

Digit Shifting Register 

indicate the 
References to 

In a report previously referred to* there is 
described various configurations for digit shifting registers. 
One of these types is shown functionally in figure 9. 
In this diagram, it is seen that the program shift input is 
applied simultaneously to all the interstage threshold 2 AND 
gates and the zero set input of register #1. The first shift 
pulse, therefore, sets register #1 to zero and enables one of 
the two AND gates in all the interstages. That AND gate which 
is enabled is determined by the original state of the register 
just ahead of the interstage. The delay provides the memory 
of this state even though the controlling register may already 
be in a changing condition, Therefore, if register #1 was in 
a state of 1 just before the first shift pulse, the gate on the 
set 1 lead of register #2 is enabled, setting the register to 1 
if it was a zero or leaving it in a state of 1 if it was a 1. 
Likewise, the stage of register #2 is transferred to register #3 
and the state of register #3 to a following stage at the 
time of the first shift pulse. In effect, the original number 
stored in the register is shifted one digit to the right. 
Successive shift pulses perform the same operation, each pulse 
shifting the stored number one digit to the right until all 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
*"Storage and Addition of Binary Numbers", by J. R. Harris. 
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digits of the number have been shifted out of the register. 
As the shifting process for this type of register is 
entirely controlled by program pulses, the interstages 
cause no interference with the translation process. In 
the actual shifting circuit used for the combined translator­
register circuit, the first two stages of which are shown 
on Figure 10 , the delay and gating functions are accom-
plished with a simple R, C, and diode network, identical 
with the steering control network for the translator. The 
connections to the registers differ, however, in that the 
steering of the input pulse is controlled, not by the 
same register condition, but by the adjacent register. 
successive shift pulses, therefore, transfer the states of 
one register to the adjacent register, providing the digit 
shifting process described above. 

The loss through the interstage is small enough that 
the registers may be set directly from the shift driver output 
without the additional interstage gain indicated in the functional 
diagram, Figure 9. Seven register stages have been operated 
from one Ml733-l driver satisfactorily. For a full 15 digit 
system, it is expected that the register load would be divided 
between 3 such driver stages, 

Packaged Sys tern 

The translator-shift register was assembled using the 
functional packages developed under the packaging program. The 
complete interconnecting schematic for this system as used for 
demonstrating the operation of the Optical Encoder is shown in 
Figure 111 together with component values and tolerances not 
covered by the package specifications. In this demonstration 
model for the six digit optical encoder a 7th bit-storage 
register (Register A) was used, corresponding to the modulator 
gate for an actual data transmitter system. The oscilloscope 
indication of the output of this register represented the 
envelope coded signal output of a data transmitter system. 

The control prJgram sequence for the demonstration 
model is shown in Figure 12. 

Here it 1s seen that the reading of the code in the 
optical encoder and the storing and translation of the code 
in the register are performed during the 1667µ sec. time slot 
before the first digit is to be transmitted out of the system. 

Overall system specifications for the translator­
register and the individual package specification references 
are given in Table I of this report. 
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Conclusion 

For an optical encoder with requirements based on 
a typical data transmission system the presented configuration 
of circuits for code translation and digit shifting appears 
to be the simplest from the standpoint of the number of active 
components required. The model constructed for use with 
the 6 digit encoder has operated satisfactorily for over 
two months and has been demonstrated many times during that 
period. Although rigorous life tests have not been made on 
the overall system, such tests are being made on the individual 
components package. From the statistical results of these tests 
the performance of the overall system can be resolved. ' 

The feasibility of encoding by optical means was 
proved with the demonstration of the 6 digit optical encoder. 
Its demonstration with this translator-shift register proves 
the practicality of optical encoding in a data transmission 
system. 
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TABLE I 

Requirements for 6-digit Translator-Shift Register System 

Power 
suppll Voltage Tolerance Current Power 

+40 ± 5 V Bo ma 3,2 watts 

-45 ± 5 V 80 ma 3,6 

-10 ± 1 V 1 ma .01 

-150 ± 25 V 2 ma .3 
Total 7,2 watts 

Pulse 
Program Input Amplitude Pulse Length Input Impedance 

Translate -3 v min. 1 u sec. min. 5000 ohms 

Shift -3 v min. 1 u sec. min. 1000 ohms 

Encoder 

Set " l" +10 v min. 5 u sec, min. 1000 ohms 
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INTRODUCTION 

This section reports work that has been done to­
wards a high speed digital computer based on transistors 
and semi-conductor diodes. Specific components that have 
been built are discussed. The material is largely a series 
of independent memoranda written at different times and for 
separate purposes. This accounts for some of the incon­
sistencies and the lack of integration that the reader may 
detect. 

1.1 WHAT A COMPUTER DOES 

~ statement to the effect that a digital computer 
is a giant brain is a ·very helpful statement to make when 
one is trying to get a group of people interested in digital 
computers. However, once the people are interested, this 
statement has lost most of its usefulness . I f someone really 
wants to know how a digital computer works , what kind of 
processes are used by the computer, and what kind of components 
are in the computer it doesn't do the person much good to say 
that a computer is a giant brain. Perhaps a better statement 
to make is that a digital computer is a desk calculator with 
an operator built in. The operator is a person of very limited 
resources, very great speed, capable of follO\-.ring very long 
instructions exactly as those instructions are given, and 
incapable of doing anything useful not planned when the origi­
nal instructions were made up. 

The arithmetic unit of the computer will be able to 
do the same kinds of things that a desk calculator can do 
except that it will be able to do them much faster. It will 
be able to add, subtract, multiply, divide or perform any 
other of those numerical operations that can be described in 
terms of the elementary ones. 

As an aid to visualizing the kind of things that a 
digital computer has to do, it is convenient to imagine one­
self faced with a particular problem in numerical computation 
and see how it could be done on a desk calculator. 

- 628 -



Suppose that it is desired to evaluate 

2 

f 1 Log (x + ./ sin x) dx (1) 

The first step would be to decide how the integra­
tion is to be performed. Suppose that it were known that 
Simpson 1 s rule for integration would give sufficient accu­
racy for tabulation intervals of 0.05. One would then obtain 
a large sheet of paper and lay out the computation as on 
Figure 1. In column A, the values x are listed. In column B, 
the sine of the entries in A is tabulated from some table. 
In column C, the square roots of the entries in B are tabu­
lated after being computed with the calculator. In column D, 
the sum of A and C is tabulated. In column E, the logarithm 
of the entries in D is tabulated. This column then contains 
the value of the integral at intervals of 0.05. Column F 
contains weighting factors which are used to weight the values 
before they are summed ( these coefficients come from Simpson's 
rule). The product of column E by F is tabulated in G. The 
entries in G are then summed and the result, when divided by 
three and multi plied by the tabulating interval is the desired 
integralo 

It is clear that one of the essential features of 
computation based on a desk calculator is the large sheet of 
paper to keep track of computation. The piece of -paper stores 
the program for the computation so that the user can merely 
"follow instructions" as he operates the calculator and con­
sults tables ~ The sheet of paper also serves as a storage or 
memory medium for intermediate results. 

An automatic computer, which is what we usually 
mean by a digital computer, must have not only the arithmetic 
unit corresponding to the desk calculator, but it must have a 
memory (corresponding to the large sheet of paper) and a 
control unit (corresponding to the operator). 

In distinguishing between an analogue computer and 
a digital computer it has been said that a digital computer 
is a computer which has a language. One of the main uses of 
the language is for instructions. A common instruction scheme 
is based on the four address code shown in Figure 2. At any 
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time the control unit in the machine is concerned with four 
addresses plus an operation instruction. The operation, 
abbreviated OP, is the arithmetic operation to be performed 
next. Addresses one and two are the locations in the memory 
at which the numbers to be operated on are found. Address 
three is the address at which the result obtained is to be 
stored. Address four is the address at which the code greup 
for the next step will be found. What takes place in the 
computer is: The ~ontrol unit pulls out of memory a four 
address code. This tells what is to be done in the next 
step. The machine takes the two relevant numbers out of 
storage, it performs the indicated operation, it puts the 
result back into storage in its appropriate place, then it 
observes the fourth address, looks in that address, and pulls 
out the details of the next step. 

In computer language, numbers are represented as 
polynominals just as in other languages. Figure 3 illustrates 
polynominal notation while Figure 4 illustrates that the base 
need not always be 10. Because electronic apparatus generally 
has only two states, open or closed, conducting or not con­
ducting, binary numbering systems are used in most electronic 
computers. Thus only two symbols are admitted, zero and one. 

All words or numbers must be stated in terms of their 
symbols. The control unit of a computer must be able to take 
sequences (in time or in space) of pulses (ones) a nd absence 
of pulses (zeros) and recognize that a certain connect ion is to 
be set up. The arithmetic unit must be able to t ake the same 
kind of information and do arithmetic. In the ne xt section 
of this report block diagrams of component~ fo r switching, 
storage, and computing will be presented, whil e in later sections 
the specific details of typical transistors de signs will be 
given. 

1.2 COMPONENTS 

Existing digital computers were, in most cases, 
built without major effort to control their size . However, 
concentrated effort on size reduction will be required in 
order to design a digital computer that will be small enough 
to compete with the analogue computers now available. 

Techniques for miniaturization have been widely 
developed, but a fundamental difficulty with reduction in the 
size of components is the problem of what to do with the heat 
that the components generate. To get really important reduc­
tion in size we must reduce the heat generated as well as the 
size of the components. 
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The basic reason that digital computers have to 
dissipate larg-e amounts of power is that they use components 
that were originally developed for use where power must be 
developed to drive output devices. A digital computer may 
go through a million alterations of state before any output 
device is operated. With this very loose coupling between 
the internal operations and the output, it is extremely 
wasteful to perform every internal operation at a power level 
sufficient to drive an output device. All internal operations 
in a comc>uter can be reduced to driving a device from one 
distinct state to another distinct state. If a small digital 
computer is to be built, it is essential, therefore, to look 
for components, in which the uower involved in going from 
one st.ate to the other is a minimum. In voltage-operated de­
vices this nower is determined by the voltage swing required to 
change states and the current required to charge up the para­
sitic capacitances in the available operate time. In current­
operated devices the power is determined by the current swing 
required and the voltage necessary to drive that current 
through the parasitic inductances in the time allowed for a 
change of state. As we reduce power dissipation we will be 
able to reduee size, which will lower the parasitic capaci­
tance and inductance which, in turn, will permit further 
reduction in power. Not only must the power required to 
change state be reduced, but so must the power lost in cathode 
heaters and similar auxiliaries to active devices. 

1.21 CRYSTAL DIODES 

A step forward was made when it was realized that 
active element s such as relays and vacuum tubes are not re­
quired to perform the operations essential in digital com­
puters .1 Any non-linear device has two states, one in which 
the impedance is high and one in which the impedance is low. 
Crystal diodes, for example, have two clearly defined_stat~s: 
one in which the impedance is about 200 ohms and one in which 
the impedance is greater than 50,000 ohms, and crystal diodes 
have the advantage that they can be driven from one state to 
the other by a one-volt signal.From the point of view of power 
dissipation crystal diodes are far superior to vacuum tubes. 
The power dissipated in the 50,000 ohm state is negligible. 
In the 200 ohm state the power dissipated is only 5 milliwatts, 
while the equivalent vacuum tube diode dissipat~s one watt 
continuously in its heater. This lower power dissipation of 
the crystal, plus its mechanical simplicity makes it an ideal 
component for miniaturization. 

1. 
- - - - - - - - - - - - - - - . - - - - - - - - - - - - -
The University of Pennsylvania EDVAC and the Bureau of 
Standards SEAC are computers reflecting this principle. 
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Computers have been built in which all the logic 
(switching and arithmetic operations) is performed in crystal 
diode networks. Being passive elements, crystal diodes have 
a high degree of reliability, but because they are passive 
the signal is attenuated as it pro~resses through a network 
of crystals. When the power level has fallen to where it can 
no longer operate other circuits, an amplifier is inserted to 
restore the signal to its original strength. A recent machine2 
used about twenty crystals for every tube. It has been found 
practical to drive as many as thirty-two crystals at a mega­
cycle rate with one tube. 

~2 TRANSISTORS 

A major forward step was made when it became possible 
to replace the tube amplifiers with small devices that dissipate 
less power. The transistor is such a device. lt can be driven 
from one state to the other by a very low voltage. In addition, 
it works well with crystal diode circuits, since the transistor 
itself is a crystal device. Also, it is well suited to use in 
regenerative amplifiers. In an amplifier for use in a digital 
computer there is no premium on linearity; in fact, regeneration 
is desirable because it decreases rise time and increases the 
effective power gain. An all "semi- conductor" computer would 
represent an advance in the art and is to be attainable now. 
A transistor amplifier, described in a following part of this 
report, has been developed which will amplify half-microsecond 
pulses with rise times of less than 0.05 microsecond and which 
requires less than 50 milliwatts of power. 

- -
2 • The Bureau of Standards SEAC 
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FIGURE 1-2 FOUR-ADDRESS CODE 

FOUR-ADDRESS CODE 

(OP, Al, A2, A3 1 A4) 

OP = OPERATION TO BE PERFORMED 

:~] = ADDRESSES OF NUMBERS TO BE OPERATED ON 

A3 :; ADDRESS AT WHICH RESULT IS TO BE STORED 

A4 = ADDRESS AT WHICH CODE GROUP FOR NEXT 
STEP WILL BE FOUND 

FIGURE 1-3 NUMBER AS A POLYNOMIAL 

a.n x n +a.n-1 xn-1 - -+ a., x, +ao xo + OL_, x-• + a_ 2x-2 - - - -

WRITE IN POSITIONAL NOTATION 
AS: 

a.n an-1 --- a., ao' a._, a_2 ---

EXAMPLE: RADIX 10 
,,,. 3.1415 

a.• a so a.
0

•3 a. •I a••- --
2 I -I -2 

FIGURE 1-4 EXAMPLE OF RADIX SEVEN 

73 72 1' 70 7-I 7-2 

343 49 7 0 

DECIMAL I 000 IN SEPTENARY CODE 
z 6 2 6 

COUNTING 

2 6 2 6 : 1000 

2 6 3 0 • 100 I 

2 6 3 : 1002 

2 6 3 2 • 1003 

----------------------------
2 6 6 6 : 1028 

3 0 0 0 • 1029 
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CATALOG OF BLOCK DIAGRAMS 

2.1 INTRODUCTION 

Starting from schematics for certain basic logic 
elements this memorandum presents a fairly complete catalog 
of diagrams of the units required in a digital computer. The 
designs have the common feature of performing all logic with­
out the use of active elements. Active elements are employed 
only as gain producing devices (repeaters) to make up for 
attenuated signals. Thus the designs can be implemented with 
vacuum tubes, transistors, magnetic amplifiers, thermistors, 
or any other devices that have gain at the frequencies re­
quiring amplification. 

Serial operation has been used in all the designs. 
In serial operation all the digits of a word or number are 
transmitted in series along a single wire with the least sig­
nificant digit first. The interval between the rise of suc­
cessive digit pulses is referred to as one digit time. The 
interval between successive numbers or words is commonly re­
ferred to as the word time. Digit times of one microsecond 
have proved to be very practical and words as long as fifty 
binary digits have been employed (equivalent to 15 decimal 
digits). 

Transistors make excellent amplifiers for pulses 
occurring at a megacycle rate and the reader can equate one 
digit time to one microsecond whenever he wants an estimate 
of the computing times required by the various machines 
described. 

The reasons for choosing serial operation instead 
of parallel are quite simple. In a parallel system, each digit 
of a number appears in a different circuit. In a parallel ad­
der a separate adder stage is used for each digit, whereas in 
a serial adder only one adder stage is used, and this one stage 
handles all the digits. Not only are the arithmetic operatione 
performed with fewer components in the serial machine, but 
switching is also simplified. To switch an n-digit parallel 
number requires n switches to switch the separate wires, whereas 
in the serial machine only one switch is required. 
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All of the digital computers that have thus far 
been put into operation have exhibited the common defects 
of undesirably high failure rate and very large size. These 
particular defects are easier to avoid in a serial design 
than in parallel machines, because a serial machine uses 
many less components. 

2.2 BASIC BUILDING BLOCKS 

The proposed computer elements are based on an 
assembly of a relatively small number of different kinds 
of basic units. The basic units have been limited to an 
or-circuit, an and-circuit, an inhibitor-circuit, an 
amplifier, and a storage cell based on a delay line. The 
designs suggested are similar to those in the EDVAC de­
signed at the University of Pennsylvania and the SEAC de­
signed at the Bureau of Standards. Some of the basic com­
ponents have been described in the literature.* They are 
described again in the following paragraphs to provide a 
specific basis for the estimates of numbers of parts that 
are a goal of this study. 

2.21 Or-Circuit 

Ann-terminal or-circuit (see Figure 2-1) develops 
an output when any one of its input terminals i s energized. 
Crystal diodes are put in series with each input to prevent 
a pulse at one input from feeding back to any of the other 
inputs. Ann-terminal circuit, therefore, requi res n crystal 
diodes. 

2.22 And-Circuit 

An and-circuit having n input terminals develops 
an output only when all n of the input terminal s are ener­
gized. In figure 2-2 each of the inputs is ret urned to a 
negative voltage and the output is clamped slightly below 
ground by Xn+l " Only when all of the inputs rise above 

- - - - - - - - - - - - - - - - - ---------
*D.R. Brown and H. Rochester, "Rectifier Networks for Multi­
position Switching", Proceedings of the I.R.E., Feb. 1949; 
and Tung Chang Chen, "Diode Coincidence and Mixing Circuits 
in Digital Computation", Proceedings of the I.R.E., May 1950. 
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ground will Xn+l be cut off, permitting the output to rise. 
Thus the output consis~s of the overlapping part of the in­
puts. An n-terrninal circuit is seen to require n + 1 
crystals. 

Two terminal a~d-circ~its are used extensively in 
serial computers for ret1ming signals. One terminal of the 
circuit is fed by the signal to be retimed while the other 
is fed by digit pulses from a master clock. There will be 
an output from the circuit only for the overlap of the 
master digit pulse and input signal. The circuit whereby 
the output is made a replica of the pulse from the clock is 
discussed in paragraph 2.24. 

2.23 Inhibitor Circuit 

An inhibitor terminal can be added to any and­
circuit or or-circuit. Such a circuit ooerates as though 
there were no inhibitor terminal when the inhibi t ing pulse 
is not transmitted. When the inhibiting pulse is present 
however, the circuit prevents any output from being de-

1 

veloped. The inhibiting circuits used in the designs pro­
posed herein are of the simple variety shown in Figure 2 -3 
where positive inputs synchronized in time are required. 
Note that the signal to be inhibited is passed through an 
eighth-digit delay line, while the inhibiting pulse is 
passed both through and around a quarter-digit delay line. 
This insure s that the inhibitor pulse will, in effect, 
arrive earlier than the signal pulse and last longer. In 
the absenc e; of input pulses, crystal 14 will clamp the 
output at ground because input B is returned to a negative 
potential. Note that X1 and X2 are returned through the 
transformer t o a positive potential. If input B goes 
positive (without an inhibiting pulse appearing on input A.) 
x

4 
will be cut off and the output voltage will rise until 

it is clamped at the positive potential to which x1 and X2 
are returned. If there is an inhibiting pulse (positive) 
it is inverted by the transformer and will carry the cathodes 
of x

1 
and x2 negative, which will keep x4 conducting, no 

matter what happens at B. Thus, if pulses A and B were 
written as a two-digit binary number AB, the circuit trans­
lates 01 into a 1 at the output. It translates 00 1 10, and 
11 into zero at the output. 
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2.24 Active Elements 

Active elements will be used not as flip-flops or 
switches but as repeating amplifiers to make up for attenu­
ation in crystal circuits and delay lines. The standard use 
will include a retiming feature as well as amplification. 
This is shown in Figure 2-4. 

In the design of the machine, wherever a pulse is 
likely to suffer intolerable attenuation, deformation, or a 
variable delay, a circuit like that of 2 -4 is inserted. 

The assembly shown has two inputs, A and B. Input A 
is the pulse to be retimed and amplified. Input B comes from 
the master clock. This component supplies reference pulses 
(known as digit pulses) every digit time. These pulses are 
available in various phases, that is with various but accu­
rately controlled delays of a fraction of a digit time. The 
pulse fed to Bis selected to rise sometime between the ex­
pected rises and falls of the pulses on A. 

If there is no input on A, there will be no output 
from the amplifier because of the and-circuit. If there is 
an input on A, when the digit pulse arrives the amplifier 
output will rise with a rise time determined by the digit 
pulse (assuming that the amplifier pass-band does not limit 
it). Part of the amplifier output is fed back through an 
or-circuit to the and-circuit. This insures that the out­
put pulse will not fall until the reference digit pulse 
does, even though pulse A may have ended after Brose. 

This reshaping with crystal circuits and an ampli­
fier is the way in which every pulse is maintained with the 
desired time synchronization. Pulse A may vary somewhat in 
the delay it has suffered but the output pulse will still 
leave the amplifier at a time determined only by the refer­
ence pulse from the master clock. Thus, the pulses in the 
computer are made to have fixed durations and to occur at 
designated times. 

In the tabulations of components in the following 
paragraphs an active element is intended to represent as 
one unit the tube, or transistor, with transformer. The 
term will include neither the and-circuit nor the or-circuit 
shown in Figure 2 -4. 
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2.25 Storage Cell 

The basic storage cell proposed is not a static 
device like a flip-flop but is an electric delay line 
plus an amplifier. When vacuum tubes are used, this type 
of storage saves one active element in a one-digit storage 
cell and is believed to be a more reliable use of active 
elements. In larger storage units more elements will be 
saved. 

A block diagram of a cell is shown in Figure 2 -5. 
The unit has three inputs: digit pulses, the signal to be 
stored, and an erase pulse. The digit pulses are received 
from the master clock every digit time and are used to 
retime (as discussed in paragraph 2-4) the output of the 
delay line before it is amplified and recirculated. The 
erase signal is received whenever new data are to be stored. 
It serves to erase the data in stopage, blocking the delay 
line output from its input until the new data have been inserted. 

The delay line may be long enough to store one word 
or just one digit of data. It is believed that up to fifteen­
digit delay lines with lumped impedances can be built to hold 
the delay constant to within a small fraction of one digit 
time. Depending on the length of a word, it may be necessary 
to break one-word lines into sections and insert an amplifier 
between sections to retime and regenerate the pulses stored. 
To insure conservative estimates, the estimates made in 
following sections are on the basis of regeneration after 
every eight digits of delay. 

2.26 Summary of Components Required in Basic Units 

The circuits which have been discussed use the 
components listed below. This table will be used frequently 
in estimating the parts required in the larger assemblies: 
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TABLE 1 

Digits of Active 
Unit Crx:stals Delay Elements 

N-Term'l Or-Circuit N 0 0 

N-Term'l And-Circuit N+l 0 0 

Inhibitor-Circuit 4 3/8 0 

N-digit Storage Cell 10* N l* 

2. 3 SWITCHES 

The switches are planned to combine a switching 
and a storage function. When a switch is given instructions 
to go to the k'th position, it goes there and it remembers 
that it is to remain there (self-locking operation). All 
the elements of the switches have been discussed in para­
graph 2. How these elements are combined to make switches 
is described in the following: 

2.31 Double-Throw Switches 

A single-pole double-throw switch as shown in 
Figure 4-6 consists of a storage cell and a switch unit. 
~~en a "one" is stored in the storage unit, as the result 
of a pulse on the switching instruction lead, the left­
hand and-circuit of the switch unit will pass signal "a" 
while the inhibitor blocks signal "b". When a zero is 
stored, the and-circuit will block signal 11 a" and the 
inhibitor-circuit in the switch unit will pass signal "b". 

~~enever the switch is to be reset , an erase 
signal is fed to the storage unit, which then drops its 
old instruction and goes to position "b" unless the new 
instruction sets it to "a". 

* 1 active element will be used for NS 8 for N>8, the 
number of active elements planned is the smallest integer 
~ j. Six additional crystal diodes will be required with 

each active element. 
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The switch unit itself uses thirteen crystals 
3/$ digit of delay, and one active element, as can be 
ascertained from Figure 2.6 and table 1. A complete 
single-pole double-throw switch has 23 crystals, 1-3/4 
digits of delay, and two active elements. A two-pole 
double-throw switch would have two switch units and one 
storage unit. A three- or four-pole switch would have three 
or four switch units, one storage unit, and perhaps an extra 
amplifier to prevent the switch units from loading down the 
storage unit excessively. 

2.32 Multiposition Switches 

Switches with more than two positions can be as­
sembled in a slightly different manner from the double-throw 
switches. Suppose, for discussion, that an eight-position 
switch is needed. A three-digit code must be sent to the 
switch to specify the position it is to select. A convenient 
way to operate such a switch is to translate the three-digit 
code into a six-wire code so that each digit is represented 
by signals of opposite phase on a pair of wires. In this 
system, a one is represented by a positive pulse on the posi­
tive bus and a negative pulse on the negative bus. A zero 
is represented by a negative pulse on the positive bus and a 
positive pulse on the negative bus. A three-terminal and­
circuit is provided for each of the eight lines that may be 
selected. The and-circuits are operated by positive pulses, 
and all are connected to either one or another of each pair 
of wires representing the three digits of the position code. 
The and-circuit on the fifth (101) wire, for example, is 
connected to the positive bus of the pair representing the 
coefficient of 22 , to the negative bus of 21 and the posi­
tive bus of 20. The three leads of the and-circuit will be 
energized by positive buses only when 101 is sent to the 
switch as instructions. 

A single-pole eight-position switch is shown in 
Figure 2-7. The eight three-terminal and-circuits (one for 
each horizontal lead), plus the nine-terminal or-circuit 
make an easily studied crystal matrix which feeds another 
and-circuit for retiming of pulses and an amplifier on the 
output. The and-circuits are fed by switches s0 , S1, and 
s2 , which are driven by the switching instructions. These 
three switches are like the one shown in Figure 4.6. So is 
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o1erated by the coe££icient 0£ 2°, S1 by the coe££icient of 
2, and s 2 by the coe££icient 0£ 22 • As the figure is drawn, 
only the and-circuit on line 7 (111) is energized. A pulse 
will be received at the output whenever a pulse is put on 
line 7. Pulses can be put on any 0£ the other lines without 
getting to the output, because every other line is held nega­
tive by at least one lead £ram So, S1, or S2 • I£ an erase 
signal were sent to the three storage cells 0£ s0 , s1 , and 
s2 , the number 111 would be erased leaving 000, and the 
switches would be free to move to new positions and select 
another one of the eight inputs. 

Based on this type of mechanization, an r-position 
switch requires n single-pole double-throw switches, where n 
is the smallest integer equal to or greater than log2 r. The 
switch requires r (n + 1) crystals plus four crystals for re­
timing the output, and an output amplifier. 

2.33 Summary of Components Required for Switches 

The table below gives estimates 0£ the crystals, 
digits of delay, and active elements required in switches 
of different degrees of complexity. 

TABLE 2 

Type of Digits of Active 
Switch Cr;t:stals Delay Elements 

1P.2T 23 1-3/4 2 
2P.2T 36 1-3/4 3 
4P.2T 63 6-1/2 6 
1P.4T 61 2-3/4 4 
1P.8T 105 6 7 
1P.16T 160 7 9 
1P.32T 311 8-3/4 11 

where, 2P.2T = two-pole, two-throw switch . 

2. !± ARITHMETIC UNITS 

The following discussions show how the basic units 
discussed earlier are combined to perform the necessary 
arithmetic operations. The discussion of arithmetic units 
is preceded by some information on the handling of negative 
numbers. 
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2.41 Handling of Negative Numbers 

The last digit place of every number is reserved 
to indicate the sign of the number. Positive numbers have 
a zero in the last place. A negative number is obtained by 
taking the two's complement of the positive number. This 
results in every negative number having a one in its last 
place. 

A point of interest is that even though either or 
both the multiplicand and multiplier are negative the correct 
sign will be obtained for a product provided the negative 
numbers are increased from their normal length W to 2W-l by 
filling in ones before multiplying. This is necessary be­
cause the product of two W-digit numbers, where the last 
digit specifies sign, is a number 2W-l digits long. Unless 
the multiplicand and multiplier are increased to length 2W-l 
(when negative) the 2W-l place may be incorrect. This 
lengthening is not required for positive numbers, because the 
digits from W to 2W-l would be zeroes if they were filled in 
and would contribute nothing to the product. 

A consequence of the above is that the product XY 
can be obtained to 2W-l places with W(W-1) elementary ad­
ditions provided X and Y are positive while W(2W-l) additions 
will be required if both are negative. Where fast multipli­
cation is desired it may be advisable to convert negative 
numbers to positive ones, multiply, and then adjust the sign 
of the product. 

This system is equivalent to the ten's complement 
method used in decimal calculators. In a decimal calculator 
operating with three significant figures, a fourth place 
might be provided for the sign. The number -187 might be 
represented by its ten's complement 9813. Then, for example, 
if -187 were required to be added to 500 the operation would 
be to add 9813 to 500 which gives 10313 and thus is recognized 
as 0313 since the machine was assumed to have only four digit 
places. 

A negative number (two's complement) can be obtained 
in the binary computer by first forming the one's complement 
(changing all zeroes to ones and vice versa by means of an 
inhibitor circuit), and then adding one. Figure Z-8 shows 
several examples of binary arithmetic performed with negative 
numbers. 
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2.42 Adder 

The adder can be considered as a translator with 
three inputs: addend, augend, and carry. It is a simple 
translator in that its output is a function only of the 
number of ones among its three inputs, as can be seen from 
the table below: 

Addend 

0 

0 
0 
1 

0 
1 
1 

1 

INPUTS 

Augend 

0 

0 
1 
0 

1 
1 
0 

1 

TABLE 3 - BINARY ADDITION 

Carry 

0 

1 ) 
0 ) 
0 ) 

1 ) 
0 ) 
1 ) 

1 

Sum 

0 

1 

0 

1 

OUTPUTS 

New Carrv 

0 

0 

1 

1 

The combination O CO is automatically taken care 
of in the adder shown in figure 2 -9. The three dashed cir­
cuits at the left of the block diagram recognize the other 
three situations among the three inputs. The situations are: 
at least one "one", at least two "ones", and three "ones" 
among the inputs. If there is only one "one", it will go 
through the bottom or-circuit, the following inhibitor cir­
cuit, and then another or-circuit. After being reclocked 
and amplified it will provide a "one" as the sum. In this 
case none of the and-circuits on the A, B, and carry leads 
will have operated. If there are at least two "ones" on 
the A. B. and carry leads, at least one of the three two­
terminal and-circuits in the dashed box will operate, with 
two results. The output of the three-terminal or-circuit 
at the bottom left of the diagram will be inhibited so that 
it makes no contribution to the sum. In addition, a carry 
signal will be developed which is delayed one digit, re­
clocked, and amplified to serve as the carry for the next 



augend and addend. If there are three "ones", the three­
terminal and-circuit at the top and left-hand side of the 
diagram will operate and develop a sum of one. The three 
two-terminal and-circuits on the left of the diagram will 
also have operated and provided the carry. Thus, the adder 
table is mechanized with two active elements (amplifiers}. 1 

The inhibitor circuit in series with the carry 
lead should be noted. This circuit is fed by a word pulse 
as well as the carry digits. The word pulse is received in 
synchronism with the first digit of every number. The word 
pulse will inhibit the carry pulse if one is present and 
will prevent a carry developed in one problem from being 
used in the next. This feature is required in the addition 
of negative numbers. 

The carry lead is brought outside the adder to 
facilitate subtraction. Suppose xis to be subtracted from 
y. The number y might be fed to the addend terminal and 
the number x fed through an inhibitor circuit to the augend 
terminal. The inhibitor would also be fed by digit pulses 
from the master clock, and the augend would therefore be the 
one's complement of x. A one would be inserted into the 
carry terminal in synchronism with the first digits of y and 
of the one's complement of x. The sum out of the adder would 
then be x-y (see par. 4.1). The adder produces a sum within 
a fraction of a digit time after it receives an input. Thus 
there is only a small delay in obtaining the sum of two 
numbers. 

Table 1 can be consulted to show that the adder 
of Figure 2-9 requires 38 crystals, 1-3/8 digits of delay, 
and two active elements. 

2.43 Accumulator 

A block diagram of an accumulator is shown in 
Figure 2-10. The output of the adder is fed back to its 
input through aw-digit delay line. The output of the 
delay line is continuously reclocked in the and-circuit in 

l 
- - - - - - - - - - - - - - - - -

The operation of so many crystal circuits in series with­
out amplifiers may be questioned but it is believed to be 
feasible at a microsecond rate. Experience may show, how­
ever, that another amplifier is required. 
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accord with digit pulses from the master clock. The timed 
pulses are then amplified in a one-stage amplifier to make 
up for attenuation in the delay line. Whenever a new ac­
cumulation is to be started, an erase signal is fed to the 
inhibiting circuit. This signal is w digits long and blocks 
the output of the delay line from the adder and insures that 
the new accumulation will start from zero. An accumulator 
to accumulate sums 48 digits long will require 76 crystals 
48 digits of delay, and 8 active elements. ' 

2.44 Multiplier 

The multiplier that is discussed in the following 
paragraphs is designed to multiply two positive members, 
each having W digits, in W(W+l) digit times. 1 Operating at 
a megacycle rate, the product of two 48 binary digit numbers 
would be obtained in 2352 microseconds. It is believed most 
efficient to convert all negative members to positive ones 
before multiplying and to adjust the sign of the product 
according to the rules of algebraic multiplication (see 
paragraph 4.1). The components to be added to the multi­
plier to make the sign correction have not been included 
in this study. The multiplicand (x) is multiplied by the 
first (least significant) digit of the multiplier (y} in 
the first (W+l) period and by the W'th digit of y during 
the w'th (W+l) period. Thew partial products are added 
together, with each partial product moved over one place 
with respect to the preceding one as it is accumulated. 

The multiplication table in binary arithmetic is 
very simple. If it is desired to multiply the binary number 
x by a single binary digit, m, xis connected to the input 
of a switch that is held open if m = 0 , and closed if m = 1. 
The output of the switch will be mx. Thus, in multiplying x 
by the successive digits of the number y, it is only required 
to recirculate x through a switch that is opened and closed 
at the appropriate times according to whether the successive 
digits of y are zeroes or ones. 

Part of the multiplier is shown in Figure 2-11. 
The multiplicand (x) is stored in delay line 1, and the 
multiplier (y) is stored in delay line 2. After the first 
word period, S1-A and Sl-B are thrown to position "b" and 

1 This multiplier would obtain the correct sign for 
multiplication by negative members W/2 digits long. 
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the multiplier and multiplicand recirculate in their delay 
lines until the multiplication is finished. D11 (delay 
line 1) storing the multiplicand has one more digit of de­
lay than line DL2 in which the multiplier is stored. There­
fore, after the first circulation of x through DLl, the 
least significant digit of x leaves D11 just as the second 
least significant digit of y leaves D12. After the W-l'th 
circulation of x, its least significant digit leaves D11 
just as the most significant digit of y leaves D12. 

The output of D12 is fed continuously to an and­
circuit. Every W+l digits, an examining pulse is fed to 
the and-circuit, and if the digit of y coming out of D12 
is a one at that time, the and-circuit develops a one in 
its output. If, when the "examining" pulse comes along, 
the coefficient of y leaving D12 is a zero, the and-circuit 
will have no output. Because D12 has a delay of w digits, 
the inhibitor circuit in effect filters out the successive 
digits of y, choosing a new digit every w+l digits times. 
The examining pulse is also sent to S2, where it is the 
erase signal of the storage cell associated with S2 (see 
paragraph 3.1). The output of the and-circuit goes to S2 
as switching instruction and is stored there. Thus, S2 
stores either a one or a zero, according to whether the 
digit of y examined is a one or a zero. The switch is 
arranged so that when a one is stored, S2 is closed, and 
when a zero is stored, it is open. 

A new partial product is obtained at the output 
of S2 every w+l digit times by the process described above. 
To accumulate them, an adder can be provided which accepts 
as one input the output of S2, and as the other input its 
own sum output delayed by w digits. The one digit place 
difference in the arrival of the two inputs of the adder 
automatically provides the "shift" feature necessary in 
adding the partial products. The only difficulty is that 
the product of two w-digit numbers may be a number 2w 
digits long which cannot be stored in the one-word delay 
line between the output of the adder and its input. There­
fore, it is necessary to provide two delay lines and to use 
one of them to accumulate half the answer and the other for 
the second half. 

As the complete block diagram (Figure 2-12) shows, 
at any time either D14 or D15 is receiving its input from 
the adder and feeding its output back into the adder. The 
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other delay line, at the same time, is feeding its own out­
put into its input. Switching of the delay line is performed 
by the four ganged sections of s4. The switch is operated in 
such a way that the adder is connected to DL4 all of the first 
word period and to D15 for one digit time longer of each suc­
ceeding word period, with the result that during the W+l'th 
word time the adder is connected to DL5 for the complete word 
period. 

The switching instructions for S4 are developed in 
the following manner. The storage unit associated with s4 
receives the word pulse from the clock every w digit times 
and uses it as an erase signal to empty its one-digit delay 
line. Every w+l digit times the "examining" pulse is fed to 
the storage unit of S4 and stored there. S4 is arranged so 
that with a one in its storage unit, it selects position "a" 
and with a zero in its storage unit, it selects "b". Thus, ' 
S4 is at "a" from pulse 1 to pulse w, when the word signal at 
w erases the one in the storage unit. The switch goes to "b" 
and stops there for one digit time, then the w+l pulse is 
written into the storage unit of S4 and the switch goes once 
more to "a". The second word pulse at 2w again erases the 
one in the storage unit and sends S4 to "b" , where it stays 
for two digit periods until the second w+l pulse at 2(w+l) 
writes in another one and pulls S4 to "a" . Thus, S4 is held 
at "b" for one digit time longer each word period. 

Figure 2-13 gives a digit-by-digit account of the 
operation of a four digit multiplier in multiplying 1001 by 
1101. In studying the figure it is recommended that the 
reader keep in mind the position of S4 at ea ch step so that 
he can tell where D14 and D15 are connected . It should also 
be noted that the outputs of D14 and D15 are always their 
inputs of four digits earlier. 

A multiplier based on Figure 2 -12 can be mechanized 
for 15 digit words with 204 crystals, 5w1 dig its of delay, 
and 20 active elements.2 

- - - - - - - - - - - - - - - - - - - - - - - - - - -- -
1. The digits of delay required in inhibitors and switch 

memory units have not been counted. These uncounted 
delays might total eight or so digits. 

2. A multiplier for longer words would have longer delay 
lines and consequently would require additional retiming 
circuits. It is estimated that a 48 digit multiplier 
could be built with 324 crystals, 5w digits of delay, and 
40 active elements. 
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2.45 Divider 

The divider operates with repeated subtractions 
and shift operations much as one would do in pencil and 
paper division. Figure 2-14 shows two division examples. 
In the first one, three is divided by eight. First, it is 
seen that 1000 will not go into 11, so the first zero is 
written in the quotient. 100.0 will not go into 11, so the 
second zero is written. 10.00 will go into 11.0, so a one 
is written in the quotient and 10.00 is subtracted from 11.00. 
The remainder is 1.00. The binary point is again shifted 
in the divisor, giving 1.000 which goes exactly once, and 
another one is written in the quotient giving an answer of 
0.011 or Ox 1/2 + 1 x 1/4 + 1 x 1/S equal to 3/S. · 

It should be noted that at each step the divisor 
is either subtracted from the remainder or nothing is sub­
tracted and that a shift to the right is made each time 
before the divisor is subtracted. In effect, the successive 
subtrahends are obtained by repeated divisions of the divisor 
by twoo For machine operation, the awkward part of the above 
process is that it cannot be ascertained whether a subtraction 
should be made without making it and seeing whether or not 
the remainder is positive or negative. If the remainder is 
negative, the subtrahend should be added back. This neces­
sity for sometimes adding back the subtrahend may be avoided. 
Let x by the subtrahend and R the minuend. Suppose xis 
subtracted from Rand the remainder found to be negative. 
During the next step the machine should subtract x/2 from R, 
but the machine has lost R by subtracting x from it. R can 
be regained and x/2 subtracted at the same time by adding 
the factor x/2 to the negative remainder R - x which gives 
the desired result R - x/2. Thus, on the successive steps 
the machine either subtracts half the previous subtrahend 
or adds half the previous subtrahend, depending on whether 
the previous remainder was positive or negative. The process 
is further simplified by avoiding subtraction through adding 
the two's complement of the subtrahend rather than subtracting 
the subtrahend. 

An example of the simplified division process is 
shown in Figure 2-14. The machine is assumed to have five 
digit places. The first step is to fill out the divisor and 
dividend to 2w-l places, and then to form the complement of 
the divisor (according to the methods discussed in par. 4.1). 



The divisor complement is first added to the dividend. The 
2w-l'th digit of the sum is noted. In the example, the digit 
is a one, indicating a negative result. The machine then 
writes a zero in the quotient, drops out the 2w-1 1th digit 
of the previous sum, and adds half the divisor (divisor 
shifted one place to the right). The 2w-l'th digit is again 
examined and is found to be a one. Another zero is written 
in the quotient, the 2w-1 1th digit is dropped out, and the 
divisor is again shifted and added. This time the 2w-1 1 th 
digit is zero, indicating a positive sum. A one is written 
in the quotient, and the complement of the divisor is shifted 
and added. This process is continued until the five-digit 
answer 0.0110 is obtained. Note that the first operation 
was made with the binary points of the divisor and dividend 
lined up. In general, it would be necessary to start with 
the least significant digit of the divisor written under 
the most significant digit of the dividend. 2w(2w-l) digit 
times are required for division in a general purpose machine. 

The divider block diagram is shown in Figure 2.16. 
The divisor is stored in delay line 1 and recirculates there 
becoming available every 2w-l digit times. The one's comple­
ment of the divisor is taken by the inhibitor circuit fed by 
DLl (delay line 1). Every 2w-l digit times switch S2 selects 
either the one's complement of the divisor or the divisor it­
self to go into the adder. The switch selects t he one's 
complement when it is desired to subtract. However, to obtain 
subtraction it is necessary to add the two's complement. Thie 
is done by bringing out the carry terminal of the adder, and 
whenever S2 is thrown to select the one's complement a one is 
sent into the carry terminal and, in effect , makes the augend 
the two's complement. 

The storage cell of Switch S2 receives an erase 
signal every 2w-l digit times. At the same time, the switch 
receives a one or a zero from the inhibitor c ircuit on the 
adder output. If this inhibitor sends a one to the switch, 
the 2w-l'th digit of the sum just completed was positive and 
switch S2 goes to position "b" to select the one's complement 
of the di visor for the next addition. The out put of the in­
hi bi tor circuit is also sent to the carry terminal of the 
adder, so that when S2 is at "b", a one will be injected to 
convert the one's complement to a two's complement. Each 
output of the inhibitor is also a digit of the quotient, for 
if the 2w-l'th digit of the sum is a zero, a one should be 
written in the quotient and the inhibitor supplies that one. 
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It is written in delay line 3, which has a circulation time 
of 2w. Since a new quotient digit is received every 2w-l'th 
digit time, delay line 3 has as its output the digits of the 
quotient in reverse order to that in which they are obtained, 
which puts the least significant digits first as they should 
be. 

The above discussion shows how the augend is ob­
tained for the adder. The addend is obtained from SlB. This 
switch selects the dividend during the first 2w-l period, 
and thereafter selects the previous sum from delay line 2. 
Note that an inhibitor circuit between the adder and DL2 
blocks out the 2w-l'th digit each time to keep the remainder 
from growing longer than 2w-l. Since delay line 2 has 2w 
delay and delay line 1 has 2w-l delay, the augend arrives 
1 digit early each 2w-l period with respect to the addend. 
This feature supplies the successive divisions by 2 that 
are required. 

Delay line 4 exists merely to supply the 2w-1 
pulse that is sent to S2 and the inhibitor circuit on the 
adder output. Switch Sl is driven by the master clock. 
Its sections are switched to "a" at the end of the compu­
tation period to empty the lines of the dividend, divisor, 
and 2w-l pulse preparatory to solving a new problem. After 
2w-l d i git times, all sections of Sl are thrown to "b" and 
recirculate their data. 

An estimate based on Tables 1 and 2 of the parts 
requi r ed by the divider of Figure 2-16 shows that to handle 
48 dig it numbers, 371 crystals, 384 digits of delay, and 
51 ac t ive elements would be required. This assumes that 
the delay lines have their data regenerated every w/2 digits. 
If the data are regenerated only every w digits, only 36 
active elements are required. The divider is seen to be of 
about the same complexity of the multiplier. 

2.46 Square Rooter 

This machine obtains the square root of a number 
tow places in 2w2 digit times. It mechanizes the ordinary 
arithmetic method of taking square roots. Before describing 
this unit, it is well to consider the algebraic basis of the 
arithmetic method normally used. 

- 651 -



2.461 Development of Ooerating Principle 

In Figure 2-17 an arithmetic problem is solved in 
the right-hand column, and the justification for each step 
is shown in the left. Note that a new digit place is ob­
tained in each step, and that the only processes involved, 
apart from adding zeroes, are multiplication by a number 
less than ten and subtraction. The method can be extended 
to binary operation as shown in Figure 2 -18. Binary oper­
ation is somewhat simplified because the only processes 
needed besides adding zeroes are multiplication by one or 
zero and subtraction. 

For machine operation, there is a drawback to the 
method illustrated in Figure 2-18. Sometimes, as in the 
fourth step, the subtrahend must be multiplied by zero, not 
one, before it is subtracted. The only way the machine can 
find out it should have multiplied by zero is for it to as­
sume it should multiply by one, form the subtrahend on that 
assumption, and subtract it. If the machine obtains a nega­
tive remainder it knows that it should not have subtracted 
anything at all. The simplicities of binary arithmetic make 
it possible to devise a method of operation in which the 
necessity of adding back the subtrahend is avoided. 1 

Suppose, with reference to the algebra of Figure 
2-17, that the machine is taking the square r oot of x and 
has just established the partial answer 

h I n-

and is about to determine the value of hn , where h
0 

will be 
either a one or a zero multiplied by 2P where pis an integer. 

At this stage the remainder in the machine is 

R 1 - X - y2 1 n- n-

---------------------- - ---------
1 

This procedure is believed to be a new contribution. 

- 652 -



11/iff 

and the next operation will be to form the trial subtrahend 

and subtract it from Rn- l' which will leave as the new 
remainder 

R • x - (y + 2P) 2 • x - y2 n n-1 n 

If~ is a positive number the machine will enter 
a one as the coefficient of 2P in the answer and proceed to 
obtain the coefficient of 2P-l in a similar manner, 

If, on the other hand, Rn turns out to be negative, 
the machine should write Oas the coefficient of 2P in the 
result (thus Yn = Yn_1 } and subtract 

p-1 p-1 p-1 p-1 
(2 Yn + 2 ) 2 = (2 Yn-1 + 2 ) 2 

from R 1 , which would give the correct value n-
p-1 2 p-1 2 

Rn+l • x - (yn + 2 ) z x - (yn-1 + 2 ) 

Unfortunately, the machine does not have ~-l available 
because it has subtracted and obtained~• However, to 
get the desired Rn+l' the machine need only add to the 

erroneous Rn• 
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instead of subtracting 

which would have been done if Rn had been positive. There is 
only a slight difference in the two operators above. When a 
positive remainder is obtained, the machine adds 01 times 
2p-l to 2y and then adds 2p-l zeroes at the end of the sum 
to obtain the new operator. In the event that a negativf 
remainder is obtained, the machine adds 11 (3) times 2P- to 
2y and then adds 2P-l zeroes at the end of the sum. On 
Figure 2 -19 two examples are given of the simplified method. 

The square root machine, Figure 2-21, obtains a 
new digit of aw-digit answer every 2w digit times. In 
each 2w period the machine either subtracts or adds, de­
pending on whether the digit determined in the previous 
period is a one or a zero. The minuend or the addend for 
a given 2w period is obtained from the remainder or the 
sum of the previous period. The subtrahend or the augend is 
formed from the answer digits already obtained. The manner 
of forming the operator is dependent upon the value of the 
digit determined in the preceding step as is the decision to 
whether the operator is added or subtractedo 

Before going into the discussion of the block 
diagram it is well to consider in detail how the square 
root of a specific number would be taken. For thi s purpose 
a relatively short number is more convenient than a larger 
one. In Figure 2-20 the second example of Figure 2.19 (for 
which W s 5) has been rearranged in the sequence in which 
the digits would be operated upon by the machineo The top 
row lists the time (measured in digit times from the start 
of the problem) at which the digits listed arrive. The 
second row lists the digits of the operators that are the 
digits that make up the operators used as subtrahends or 
augends. The fourth row shows the results of subtracting 
or adding the operators above, and the next row shows the 
answer digits as they are obtained. The final row shows 
when the answer digits are required to reappear in order to 
be used in the third row. 
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As Figure 2-20 shows, in the first period the 
first operator is the number (of 2w digits~ 10) whose 
square root is desired, while the second operator is a one 
inserted at digit time 2w - 1 (9). The last digit of the 
~emainder is examined at time 2w (10). Since the digit 
examined is a zero, c1 is written as one, the most signifi-
cant digit of the answer. If the 2w 1th digit were one, zero 
should be written in the answer as the coefficient of 2w; 
since in the example c1 is written as one, the remainder of 
the first step is used as the minuend for the next period. 
The subtrahend is formed by the digit c1 delayed 2w-l (9) 
digit times and by the one subtracted in period one delayed 
by 2w-2 (8) so that it arrives at digit time 17. The digit 
c1 was a one, so in the second period subtraction is per-
formed and the 2w 1 th digit of the remainder examined. This 
digit is seen to be a zero, so the remainder obtained on the 
second 2w period is used as the minuend for the third period 
and a one is written in the answer as c2• 

The subtrahend for the third step is formed from 
the digit c1 , delayed 2w-l, the digit c2 delayed by 2w-3, and 
a one delayed 2w-2 ($) from the time (17) it was used in step 
2 to arrive at 25. 

The remainder in the third step has a one in the 
2w'th place, indicating it is negative. The remainder is, 
therefore, used as the addend for the fourth 2w period and a 
zero is written as c3 • The augend for the fourth period is 
formed by delaying the number c1 c2 by 2w-l digit times from 
the time it was used previously, by delaying digit c3 2w-5 
digits (so it arrives at time 35), and at digit times 33 and 
34 writing ones. The one at time 33 is the one written at 
time 25 delayed by 2w-2. The one written at time 34 is 
written because the remainder of the third period was negative. 

From the figure it is seen that the sum in the 
fourth step is still negative. The sum is used as the addend 
for the fifth step and another zero is written in the answer 
as c4 • The augend for the fifth step is formed by the word 
c1 c2 c

3 
delayed by 2w-2 from the time it was used in the 
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fourth step, the digit c4 delayed by 2w-7, so that it arrives 
at time 43, and the word 11 delayed by 2w-2 from the time it 
was used in the fourth period. When this augend is added, 
the 2w'th digit of the sum is a zero, and a one is written 
in the answer as c5• 

2.462 Rules of Operation for Sguare Root Machine 

The procedure can be generalized into the following 
rules for using an adder to obtain the square root of x, 
where the square root is written as c1 c2 c3 c 4 etc., and 
each coefficient is a one or a zero. 

Rule 1 - Examine every 2w'th digit of the output of the adder 
and if the examined digit is zero, write one as the answer ' 
digit. If examined digit is one, write zero as answer digit. 

Rule 2 - In the first 2w period, use x as the addend. In all 
other periods, use the output of the adder delayed by 2w 
digit times. 

Rule 3 - In the first 2w period form the augend for the adder 
by taking the two's complement of a number that consists of a 
single one written at digit time 2w-l. In all other periods 
determine the augend according to rule 4. 

Rule 4 - If the answer digit Cn-l determined j_n the n-1' th 
2w period is a one, form the augend for the n 'th period by 
rule 5. If Cn-1 is a zero, form the augend by r ule 6. 

Rule 5 - Form the augend for the n'th period b y t aking the 
two's complement of q where q consists of the thr ee parts 

(a} 

( b) 

(c) 

The word c1 c2 - - - cn_ 2 delayed by 2w- l from 
its use in the previous step. 

The digit Cn-l delayed by 2w+J-2n from the time 
it was obtained in the previous step. 

The digit one written two digits earlier than C 1 • n-
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Rule 6 - Form the augend for the n'th period from the three 
parts listed below: 

(a) The same as in Rule 5. 

(b) The same as in Rule 5. 

( C ) The same as in Rule 5, but with an extra one 
inserted at digit time 2w+2-2n. 

2.463 Block Diagram 

One way of studying the block diagram ( figure 2 -20) 
is to take each of the rules stated in 4.62 and see how they 
are implemented. 

Rule 1 - The machine receives a pulse every 2w digits from 
the master clock. This pulse goes to the inhibitor circuit 
that is connected to the output of the adder. The inhibitor, 
therefore, examines every 2w'th digit of the adder output 
and develops a one if the adder digit is zero and develops 
a zero if the adder output is a one. Thus the output of the 
inhibitor can be taken as the successive digits of the square 
root of x. Each output of the inhibitor is stored temporarily 
in a one-digit storage cell until it can be written into DL4, 
which stores the complete answer. 

The examining pulse that occurs every 2w digits also 
goes to the one-digit storage cell to act as the erase signal 
and remove C 1 when C is stored. 

n- n 

Rule 2 - In the first 2w period, Sl is at position "a", and 
the addend for the adder is x transmitted through this po­
sition. Thereafter, Sl is at "b" and the addend is the adder 
output delayed by 2w digits in DLl. 

Rule 3 - Coincidental with the transmission of the least sig­
nificant digit of x into the machine, a start signal is re­
ceived from the master clock. The start signal sets S2 to 
position "a". The start signal also progresses through D15 
and DL2 to arrive at an inhibitor circuit feeding S2 at 
time 2w-l. The inhibitor circuit has as output, therefore, 
the one's complement of 0100 --- O. To convert this to a 
two's complement, the start signal is fed directly to the 
carry terminal of the adder. 
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Rule 4 - The operating instructions for switch S2 are ob­
tained from the inhibitor in the adder output as well as 
from the start signal. S2 is of the type discussed in J.l. 
Every time a new digit of the answer is determined, it is 
fed to the input terminal of the storage cell associated 
with the switch and sets it to "a" if the digit is a one 
or to "b" if the digit is a zero. Coincidental with the 
answer digit, the 2w pulse is fed to the erase terminal of 
the switch storage cell to remove the previously stored in­
struction, so that the switch can move to the new position. 
Setting switch S2 to "a" is equivalent to saying, "Follow 
Rule 5" and setting switch S2 to "b" is equivalent to saying 
"Follow Rule 6 11

• 

Rule 5 - When digit c1 is determined it goes into the one­
digit delay line DL7 and recirculates there UP~il c2 is 
determined. At time 2w+l the start signal leaves D16. It 
is inhibited, however, by the 2w pulse delayed one digit 
in DLJ. The recirculated start signals from DL2 are all de­
layed two digits by DL6 and reappear at the output of D16 
once in each 2w period at the times listed below; 

Period ~ Digit entered in D14 

2 2w+l none 

3 4w-l Cl 

4 6w-3 c2 

5 Sw-5 CJ 

The output of D16, in each case above except the first (when 
it is inhibited), goes to an and-circuit in the one-digit 
storage cell and lets a digit of the answer into D14. The 
input of DL4 is also fed through an inhibitor to the "a" in­
put of S2 and back to the adder to mechanize part "b'-i of 
Rule 5. Since c1 first enters D14 at 4w-l it will re-enter 
it at 6w-2 just behind the first entry of c2 , which is as 
it should be to fulfill part "a" of Rule 5. 
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Part "c" of Rule 5 is fulfilled by the recirculated 
start pulse from DL2. It may be noted that DL6 provides the 
two-digit delay required between Cn-.l and the "one" digit of 
part "c" of Rule 5. 

The inhibitor at terminal "a" of Sl will provide 
the one's complement of q (see Rule 5). The two's complement 
is obtained by feeding the output of the inhibitor on the 
adder output back into the carry terminal of the adder. The 
one-digit delay line (DL9) is required to get the carry at 
2w+l rather than 2w. 

Rule 6 - Parts "a" and "b" of this rule are fulfilled by the 
connection of the input of DL4 into terminal "b" of S2. Part 
"c" is fulfilled by the connection of the output of DL2 into 
terminal "b" of S2 both directly and through the one-digit 
delay line DL8. 

In all discussions above it has been assumed that x 
is a 2w digit number. This may not be the case in some com­
puters. To convert x into a 2w number it may be delayed w 
digits, which adds w zeroes to it. The delay may be obtained 
through a tap in DLl. Another expedient would be to take x 
as aw-digit number and send the first 2w pulse at time w, 
the second at 3w, etc. 

The block diagram has been analyzed for its com­
ponent requirements. It is believed that a square rooter 
to give 48 digit answers can be mechanized with 338 crystals, 
312 digits of delay and 45 active elements. It may be noted 
that a square root machine is no more complex than a divider. 

2 . 47 Summary of Components Required for Arithmetic Units 

Two sets of estimates have been prepared. Table 3 
lists the components required for units handling 15 binary digit 
numbers (4-1/2 decimal place). Table 4 lists the components 
for 48 (14 decimal place) digit numbers. It should be noted 
that an adder would be the same in either case. 
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TABLE 2 
COMPONENTS REQUIRED FOR 15 DIGIT ARITHMETIC UNITS 

CRYSTAL DIGITS OF ACTIVE 
UNIT DIODES DELAY ELEMENTS 

Adder 38 2 2 

Accumulator 52 15 4 

Multiplier 204 85 20 

Divider 179 128 19 

Square Rooter 182 98 19 

TABLE 4 

COMPONENTS REQUIRED FOR 48 DIGIT ARITHMETIC UNITS 

CRYSTAL DIGITS OF ACTIVE 
UNIT DIODES DELAY ELEMENTS 

Accumulator 76 48 8 

Multiplier 324 85 40 

Divider 371 384 51 

Square Rooter 338 312 45 

2.5 MISCELLANEOUS UNITS 

In addition to the units discussed above, certain 
others are useful in a computer. Some are discussed below. 

2.51 Translator 

This unit translates one set of numbers or words 
into another set. Storage may be regarded as translation 
in which addresses are translated into the words stored at 
the addresses. 
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Translators are useful in developing switching 
orders. At the completion of some process, it may be neces­
sary to develop a new set of orders. When the orders must 
be developed in a certain sequence, a binary counter can be 
used to develop the input for the translator. ¼~enever the 
next set of orders are required, a pulse is fed to the 
counter. The binary count number is used as the switching 
instruction for a switch. Every time the counter receives 
an input pulse the switch will be advanced one position and 
will put a pulse on the selected lead. The various output 
leads of the switch will be connected to a group of or­
circuits. One or-circuit will be required for each digit 
of the translator output. Figure 2-22 shows a scheme for 
generating 8 sets of 3 digit words. To generate n digit 
words nor-circuits would be required. No more than 8 leads 
would be required for any or-circuit. The translator shown 
develops the output word in parallel. If the or-circuits 
are fed to taps in a delay line, the output word will be re­
ceived serially from the output of the delay line. The or­
circuits have the same function as the coil maze in the 
Laboratories' Mod 6 computer. 

2.52 Binary Counter 

Figure 2 -23 shows how each stage of a binary 
counter can be made from a one-digit memory cell (see 
paragraph 2.5) plus an inhibitor and an and-circuit. In 
Fig. 2-23, if the count is at 01 and a one is sent into 
the counter, the one in the first stage will be admitted 
to the second stage. The one that was in the first stage 
inhibits the one input and the first stage therefore goes 
to O and the count is 10. If another one is sent into the 
counter, it will enter the first stage and the count will 
advance to 11. If another one is fed in, the first two 
stages will set to zero and the third will receive a one 
making the count 100. It is seen that each stage is a 
dynamic flip-flop. This type of counter can be used only to 
count synchronized input pulses but that is all that a counter 
is expected to do in a serial computer. 

In a serial machine binary counters can often be 
replaced by simpler devices. Suppose that it is desired to 
time some operation and know when 64 digit times have elapsed. 
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A six-stage counter could be used or a digit pulse could be 
circulated in a seven and a nine digit delay line. If an 
and-circuit were fed by the two delay lines, 63 digit times 
would elapse before the and-circuit were operated. If the 
output were fed through a one digit delay line the desired 
64 digit delay would be obtained. 

2.53 Shift Registers 

Shift registers are sometimes needed to take data 
at a low rate, from a magnetic drum for example, and re­
transmit it at a rapid rate. A shift register that is 
loaded serially may be read out in parallel on w leads or in 
series on one lead. Each stage of such registers can be 
built around a one-digit memory cell. Fig. 2-24 shows two 
stages of each kind of register. The numbers in each cell 
are erased and advanced to the next cell whenever an advance 
pulse is received. 

Advance pulses will be received every time a new 
digit is to be loaded. When a number is in the register, 
the advance pulses can be stopped and the number can be 
stored until it is required. In the case of the parallel­
read-out registers, extra and-circuits are used at each 
stage. These are fed by the read-out signal. 

Besides their use in changing the rate of trans­
mission of data, the shift registers described above can 
store words for integral multiples of a digit time. Where 
the storage period is an integral multiple of a word time 
it is more efficient to use delay lines as discussed in 
paragraph 2.5. It may be mentioned that in a syn chronous 
computer tapped delay lines can replace shift registers for 
the conversion of serial to parallel data and vice versa. 

2.6 CONCLUSIONS 

A catalog of computer units has been presented. 
The units make use of active elements only as repeating 
amplifiers. It is shown that multipliers, dividers, etc. 
can be built with less than 50 such amplifiers. 
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h sl~lh1+h2+h3+~+~ 

h1 "' 10000 

ht. "' I 000 

h3 • 100 

h4 = 00 

h5 = 01 

~- 11 I 01 

= 

= 

-
= 

= 

2P 
2p-1 

2 
p-2 

2p-4 =20 

FIGURE 2-18 

BINARY SQUARE 

ROOTING 

- 680-

00 
00 

I 0 
01 00 10 01 
00 00 00 00 
01 00 10 01 
01 00 00 00 

00 00 10 01 
II O I 00 00 
00 I I 10 01 
00 00 00 00 
00 11 10 01 
00 11 10 01 
00 00 00 00 

.,_R1 

.,.._R2 

.,_R3 

.,_R4 

.,._ R5 



EXAMPLE ONE 

FIND SQUARE ROOT 1101001001 

I I I O I 

" I I 01 00 IO 01 
-01 00000000 

0101000000 I 10 01 00 10 01 
-01 01 0 0 00 00 

001101000 0 ! 0 I 00 0 0 IO 01 
-00 I I O I 00 00 

0001110100 l 00 00 I I 10 01 
-0 0 0 I I I O I 00 

0000111011 fll II 0001 01 

,, / 00 00 11 10 II 

NEGATIVE __ 0 0 00 00 00 00 NOTE } 

NUMBER 
, h1 = 10000 

h2 = I 000 

h3 = I 00 

h4 = 00 

h5 = 01 
I I I 01 = RESULT 

EXAMPLE TWO 

FIND SQUARE ROOT 1001110001 

I . I O O I 

"'\J IO O I 11 00 0 I 
-01 0000 00 00 

0 IO IO O O O 00 I O I O I I I O O O I 
-01 01 00 00 00 

001101000010000110001 
-00 11 01 0 0 00 

0 00 I I O I I O O I I O I I O O O O I 
00 01 IO I I 00 

0000171 I II 00 11 01 
00 00 I I 00 I I 

NOTE } 00 00 00 00 00 
NEGATIVE 
REMAINDERS 

' FIGURE 2-19 

SIMPLIFIED BINARY 

SQUARE ROOTING 
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0-
00 

"' 

30 29 28 27 26 25 24 23 22 21 

0 0 0 0 I I 0 0 0 I 

0 0 I I 0 I 0 0 0 0 

I I 0 I I 0 0 0 0 I 

0 
c, 

C1 C1 

FIND SQUARE ROOT OF 1001110001 

20 19 18 17 16 15 14 13 12 II 10 9 8 7 6 5 4 3 2 I DIGIT TIME 

0 I 0 I I I 0 0 0 I I 0 0 I I I 0 0 0 I { MINUEND OR 
ADDEND 

0 I 0 I 0 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 { SUBTRAHEND OR 
AUGEND 

0 0 0 0 I I 0 0 0 I 0 I 0 I I I 0 0 0 I { REMAINDER OR 
SUM 

I I { ANSWER 
C2 c, DIGIT 

{ REAPPEARANCE c, OF A.NSWER 
DIGITS 

50 49 48 47 46 45 44 43 42 4 1 40 39 38 37 36 35 34 33 32 31 DIGIT TIME 

I I I I 0 0 I I 0 I I I 0 I I 0 0 0 0 I { MINUEND OR 
ADDEND 

0 0 0 0 I I 0 0 I I 0 0 0 I I 0 I I 0 0 { SU IHRAHEND OR 
AUGEND 

0 0 0 0 0 0 0 0 0 0 I I I I 0 0 I I 0 I 1 REMAINDER OR 
SUM 

I 
C5 

0 
C4 

c1 C1 C5 C4 
I 

FIGURE 2 - 20 
DETAILS OF 

SQUARE ROOT PROCESS 

{ ANSWER 
DIGIT 

{ REAPPEARANCE 
C1 c2 C5 OF ANSWER 

DIGITS 

\ 



0-
a, 
w 

DL I 
II II 

0 

X 2W 

DL 9 

ID 

CARRY 

I HERE PULLS S2 TO •aN 

0 HERE PULLS S2 TO • b" 

ONE DIGIT STORAGE CELL 
,------ ---------, 

INPUT1 r-, "-. r-----, .---, I 
I OR H >-l ID I 

DL 7 

I 

.... - - - ....J. - - - - - -·- - - _J 

2W I I I - I 
PULSE T ERASE SIGNAL 

TO S2 

START-+ 
PULSE -••--'

1 ID 

DL 5 

DL 3 

ID 

I HERE PULLS S2 TO •a• 

DL 2 

DL 6 

20 

2W-2 1 

FIGURE 4 - 21 
SQUARE ROOTER 
BLOCK DI AGRAM 

2W-I 

DL 4 

DIGIT 
PULSE · 

, 

vx 

S2 
.QN 

•b• 



INPUT • 
0 

"' 
IL 
Ill 
0 
0 

a: 
la.I ... "' z 
~ IL 
0 Ill 
0 0 

0 

► a: 
C 
z 
m .. 

"' a.: 
l&I. 
0 
0 

BINARY 
COUNTER 

OUTPUT 

000 
001 
010 
OIi 
100 
IOI 
111 

0 L..EAD 

I LEAD 

0 LEAD 

I LEAD 

0 LEAD 

I LEAD 

TRANSLATOR 
OUTPUT 

110 
000 
001 
010 
000 
001 
OIi 

ooo 
. . 

001 

010 

011 
EIGHT 

POSITION 
SWITCH 100 

101 

110 

I 
111 

i 
p 

~ 
I OR I r-~;·-1 I OR I 

1 

I 
l I~ 

\ COEF. 2 2 CDEF. 2 1 GOEF. 2°, 
I 

SWITCHI NG INST RUCTIONS 

FIGURE 2- 22 
TRANSLATOR 
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0-
CX) 

1.11 

INPUT _...,.1_.......,t1INH 1 10NE DIGIT1 ,, 1 
MEMOFIY ...... 1 1: 1 INH 
~ 

(/) 

< a:: 
, •. w 

FIGURE 2 - 23 

BINARY 

COUNTER 

I I ONE DIGIT' .• I 
r.1EMORY ■- q.-

----W 
(/) 

< 
0::: 

,W 

NEXT 
STAGE 

- --_-:._-:._-:_-_-_-:,_-_-_-_- _., 
':J 



INPUT 

ONE DIGIT 
STORAGE 

CELL 

l&J 
Cl) 

~ 
l&J 

REGISTER FOR SERIAL READ OUT 
(TWO STAGES) 

ONE DIGIT 
STORAGE 

CELL 

l&J 
Cl) 
C( 
a:: 
l&J 

ADVANCE o------~---+---------+---­PULSES 

READ OUT 
SIGNAL 

ONE DIGIT 
STORAGE 

CELL 

INPUT~----

REGISTER FOR PARALLEL READ OUT 

OUT 

f 

ONE DIGIT 
STORAGE 

CELL 

OUT 

ADVANCE o-------+---+---------+---....J PULSES 

FIGURE 2-24 

SHIFT REGISTER 
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A TRANSISTOR BLOCKING OSCILLATOR 

3.1 INTRODUCTION 

Because the transistor has a much lower input than 
output impedance, it appeared that a transistor pulse-gener­
ator could be designed in which the output is coupled back to 
the input through an impedance changing transformer. Ex­
periments along these lines show that it is possible to build 
a transistor blocking oscillator that will work with almost 
any transistor. Rectangular pulses of less than a micro­
second duration are easily generated, and rise times as short 
as 0.01 microsecond have been observed in 20-volt pulses. 
Pulse repetition frequencies from the low audio range up to 
two megacycles have been obtained. Analysis of the circuit 
reveals that the negative resistance required for oscillation 
can be obtai~ed even though transistor current gain is less 
than one. 

J.2 BASIC CIRCUITS 

The basic circuit is shown in Figure lA where the 
transformer couples the inverted collector pulse back to the 
base at an impedance level comparable to the base impedance. 
A variation of the circuit is shown in 1B, where the collector 
voltage is fed back in phase to the emitter. Both circuits 
oscillate, but most of the work has been done on circuit lA. 

When the oscillator is to be free-running, R 
(Fig. 1) is returned to a positive voltage in such a way that 
a constant current of about one milliampere is supplied to 
the emitter. If the circuit is to operate only when triggered, 
R is generally returned to a negative voltage. 

3.3 CIRCUIT OPERATION 

The circuit operates much like the vacuum tube 
equivalent. During the "ON" period, the collector voltage 
is nearly at ground, the base is held negative by the pulse 
transformer, and the emitter condenser (Fig. 2) is charged 
negative by the emitter current to a voltage nearly equal to 
the base voltage. During the "OFF" period, the collector 
voltage is negative, the base is at ground potential, and the 
charge left on C holds the emitter at a negative potential. 
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For purposes of a more detailed discussion, assume 
that the emitter condenser has been charged negatively and 
is discharging through R towards a positive voltage. Until 
the condenser reaches ground potential, the transistor is 
cut off. When the condenser reaches ground potential, emitter 
current begins to flow, releasing holes to the collector. 
The collector current pulls the collector potential up, and 
transmission through the inverting transformer causes the base 
to fall in potential which increases the emitter current. 
This regenerative transition from no emitter current to high 
current may occur in from one-hundredth of a microsecond to 
several tenths of a microsecond, depending on the particular 
transistor. Transistors of the type currently supplied for 
experimental use have rise times of less than 0.1 microsecond. 

During the transition the emitter current (see 
Fig. 2) is charging C negatively, but as C charges the emitter 
current descreases because the emitter becomes less positive 
with respect to the base. At the same time that the emitter 
current is falling, the collector current required in the 
transformer to maintain the negative pulse at the base in­
creases because of the low frequency cut-off (or time constant) 
of the transformer. When the emitter current has fallen to 
where it no longer releases the holes necessary to support the 
demanded collector current, the base voltage will rise towards 
ground which will cause a further decrease in emi t ter current 
and the transistor will regeneratively cut itself off. C is' 
left at a negative potential and begins again to dt scharge 
through R towards ground. 

The above discussion shows that the recurrence rate 
is determined by C and the current supplied through R. The 
pulse duration is determined primarily by the tran s f ormer 
and C, and only in part by the transistor. 

In appendix I, an analysis of the circuit is pre­
sented on the basis of linear circuit theory. 

3.4 EXPERIMENTAL RESULTS 

Figure 3 shows an experimental circuit built to 
develop a trigger pulse in advance of a main pulse, so that 
the main pulse could be observed on an oscilloscope. 
Transistor 1 was connected as a free-running blocking 
oscillator and its output differentiated and delayed 0.15 
microseconds to trigger transistor 2. 
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Using transistor AN2S91, the free-running circuit 
had a pulse duration of 1.5 microseconds, a rise time of 
0.15 microseconds, a collector-pulse-amplitude of 30 volts, 
and developed a 10-volt signal across 5o0 ohms in the terti­
ary of the transformer. The 400A crystal was put across the 
collector winding of the transformer to clip the negative 
tail that occurs at the end of the pulse when the transformer 
is· not fully loaded down. 

The second circuit was tried with 41 transistors 
and worked with 40, while it was unstable with one. Five 
of thes~ transistors were of miscellaneous previous history, 
while thirty-six wer~ loaned from the spares 
of a matrix switch. Of the latter group of 36, 9 had rise 
times of 0.03 microseconds or less. The average duration of 
the pulse was 0.8 microseconds, and the standard deviation 
was less than 0.1 microseconds. 

Photographs were made of the extremely steep wave 
forms that can be generated. Figure 4 shows the circuit 
used, and Figure 4A shows the collector output pulse. Figure 
4B shows the collector output when C is returned to the 
collector, rather than ground. This circuit variation has 
been found to flatten the collector pulse but lengthen the 
fall time. 

In these photographs, one small division equals 
OoOl microseconds. Thus the transistor is seen to be 
capable of generating pulse energy over an extremely wide 
video band. It may be that in spite of its restricted band­
width as a linear amplifier, the low inductance of its leads 
and their very small shunt capacitances may make it a better 
generator of extremely rapid pulses than the vacuum tube. 

2• 5 DESIGN OF CIRCUITS 

An advantage of the circuit is that its performance 
is predictable in advance. The selection of the components 
to obtain the desired results are discussed below: 

. 
a. Transformer - For pulses of from one-half to two 

microseconds duration, two types of transformer cores have 
been tested. One is a rectangular core of 4-79 Molybdenum 
Permalloy having a cross-sectional area of 1/16 square 
inch and overall dimensions of 1 x 1-1/8 inches. The 
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second core tested is a 3/4 inch ferrite ring with a cross­
sectional area of 9/256 square inches. The writer believes 
that the 0.01 microsecond rise time observed with some 
transistors ~ight have been even less if better transformers 
were available. 

Some of the factors influencing the selection of 
the turns ratio are discussed in the appendix. A turns 
ratios of approximately five to one has been found to give 
good results with all transistors. Lower ratios do not 
work with some units. 

b. Pulse Duration - The pulse duration, as discussed 
in paragraph 3, is determined by the transformer low-fre­
quency response, the value of the emitter condenser and in 
part by the transistor. A 430 mmf condenser and a trans­
former with three turns in the base winding and 16 in the 
collector (using the 4-79 Molybdenum Permalloy core pre­
viously mentioned) gives a 1/3 microsecond pulse. Using 
the same core with nine turns in the base and 50 turns in 
the collector winding, and a 2200 mmf condenser , a duration 
of 1-1/2 microseconds was obtained. 

It should be noted that C can be made so large 
that the emitter current required to charge i t to the base 
voltage may burn out the transistor. 

c. Recurrence Rate - For predictable results·, the 
emitter resistor R should be returned to a large positive 
voltage (E

8
), so that a constant current is suppli ed to 

the emitter. If the emitter swings during the pulse in 
~e, the recurrence rate will be 

1 

RC+ "t" 

where "t" is the pulse duration. This equation has been 
found to give results as good as could be checked on an 
oscilloscope. The emitter swing is equal to the base 
swing and is given approximately by 
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where aEc is the collector swing, and N is the transformer 
turns ratio. If the collector winding is returned to a 
battery of Ee volts, and N is three or more, the swing in 
collector voltage will almost equal the battery voltage and 
will be very stable. An approximation to the recurrence 
rate is, therefore, given by 

fr~ __ l __ _ 

Ee RC --

Where stability of frequency is desired, it is important 
to supply a constant Ee, rather than obtain it from a 
series resistor. Six switching transistors were tried 
in a circuit designed, according to the above equation, 
to have a period of 14.5 microseconds. The actual periods 
were measured to be 14, 12, 12.5, 12.5, 12.5 and 14 
microseconds. 

d. Triggered Oscillator - If the emitter is returned 
to a negative voltage, a pulse will be obtained only when 
the circuit is triggered (usually through an auxiliary 
winding of the transformer). When rapid triggering rates 
were desired, the emitter resistor R was made 1200 ohms 
and returned to -1.5 volts. When Rand the emitter condenser 
are both made small, the maximum triggering rate as well as 
the pulse duration will be influenced by the low frequency 
cut-off of the transformer. 

3.6 CONCLUSIONS 

A new transistor circuit bas been described whose 
characteristics are stable and almost independent of the 
transistor characteristics. Because of its stable and 
circuit-controlled recurrence frequency,it should be useful 
as a frequency dividing device. Since it can be operated 
at a megacycle rate, it should be useful wherever fast 
powerful pulses are required. The writer is chiefly inter­
ested in the device as a regenerative amplifier for digital 
computer applications. 
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APPENDIX 

ANALYSIS OF TRANSISTOR BLOCKING OSCILLATOR 

Analysis of the impedance (Ri) shown at the emitter 
of the blocking oscillator shows a negative resistance of the 
series type and ~he magnitude of this negative resistance may 
be taken as some evidence of the performance of the circuit 
as an oscillator. Referring to Figure 5, we may write the 
following equations (assuming that the transformer is ideal 
and inverting with a turns ration). 

In Mesh I 

(1) 

and in Mesh II 

( 2) 

Since the transformer is assumed to be ideal , we may write 

ie - ic ie 
i = 

C n or ic • ri+r (3) 

Substituting (3) in ( 1) and ( 2) gives 

(4) 

and 

( 5) 

which can be solved for 

• R. • -1 (6) 
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If one tries to maximize Ri by varying n, it is found that 

or 

2(Rc - Rb) 

(8m - 2Rb) 

2R ... ~ .... 1 ~ -- -
8m 

- 1 (?) 

This shows that if 8m/Rc is large, the transformer should not 
invert in order to maximize R1 • 

If n a: 2Rc - ( 6) 1 is substituted in , we obtain 
~ 

(8) 

which shows that a negative resistance can be obtained when 
Rm is less than Rc. 

When choosing the transformer, one has to consider 
the values of~ and Rc over the entire range of collector 
current. A negative resistance is desired over as large a 
portion of the collector current curve as possible.* At the 
boundaries of the collector current range, Rm will be less 
than Re, and this suggests that one ought to make the trans­
former inverting and with a turns ratio of three or so to 
obtain regeneration even when Rm= 1/2 Re• Experience to 
date has shown that any lower turns ratio is not desirable, 
but no upper limit has been investigated chiefly because the 
performance of the circuit is not very sensitive with regard 
ton, except in the respects mentioned in paragraph 5. 

* In order to get the maximum possible collector current swing 
ano minimum voltage rise time. 
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TRANS ISTOR BLOCK ING OSCILLATOR CIRCU ITS 

BI AS BIAS 

R R ('\_ 

' 0-

~ 
' 

C :::;:::: 

-_2' I ---=- • • 

--
i -

-E - E 
( b) (a) 



2 

TYPICAL WAVE FORMS IN BLOCKING OSCILLATOR 

-~---
1 
I 
I 

18VOLTS 
I 
I 

i_ 

r--
: I 

3 VOLTS ·1 

l I 
.J., I _L__ r--, 

65MA I 

l I 
__I___ I ~-, 

15MA 

t 

~ +60VOLTS 

5 68,000 

COLLECTOR 
VOLTAGE 

------- - - 2 µSEC---- - ------~ 

EMITTER 
VOLTAGE 

EMITTER 
CURRENT 

COLLECTOR 
CURRENT 

C DISCHARGING AT 0.4 VOLTS 
PER MICROSECOND 

le NO LONGER LARGE, 
ENOUGH TO MAINTAIN l..c 

Le INCREASING BECAUSE LOW FREQUENCY 
CUTOFF OF TRANSFORMER REQUIRES 

GREATER CURRENT FOR SAME VOLTAGE 

FIG. 2 
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7 

TEST CIRCUIT FOR OBSER VI NG MAI N OSCILLATOR PULSE 

1000 0.15 µ SEC 500 
I - rooo'· ~_J { 

1~::~ 2~ll ~o f 20 560~ I ~ 560 --

1 9~ 11 tg36 ~400A 

---1...:" • 
--=-- ~ - f I ~ 

- -- - -
0- +60 V 20b 3kl - •- 0.25 
-(l 
0- :1: MFD 
I 

0.25 -
-=- 3k I MFD 

-
-45 V 

--
-45V 

N0. 1 NO.2 

FIG. 3 

I 

~ 



STEEP WAVE FRONTS IN TRANSISTOR BLOCKING OSCILLATOR 

BLl15 

. ..l_ 
C.= 500/V\f'\F I 

- -45 V 

J_ 
25 V 

T 

0.2.5 MFD 

C O L L E. C... T O R WA V E. Fo R. M 5 
(INVERT E. D) 

A 

B 

C RETURNE.D TO C0LLE.CTOR 
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EQUIVALENT CIRCUIT OF TRANSISTOR 
BLOCKING OSCILLATOR 

Re LeRm 

_OJ+ 
Le', Rb ~ Re 

I JI 
E 

~ ~ -neb eb 

0 I 

FIG. 5 
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4.1 INTRODUCTION 

COUNTING DOWN WITH BLOCKING 

OSCILLATORS 

In serial computers a word pulse is required to · 
mark the beginning of each new word or number. For this 
project 16 digit words were desired at a digit rate of one 
megacycle. The word-pulse generator therefore is a fre­
quency divider having a one megacycle input and a 62.5 kc 
output. A chain of four blocking oscillators has been 
used for the frequency division. 

4.2 SCHEMATIC 

The schematic of the word-pulse generator is 
shown in figure 4-1 and in figure 4-2 the emitter and col­
lector wave forms are shown. The first stage was set to 
free run at about 350 kc. The saw-tooth at the emitter 
caused by the discharge of Cl through R3 has superimposed 
upon it the one megacycle clock signal. This signal syn­
chronizes the firing of the first stage at 500 kc as can be 
seen from figure 4-2 • A portion of the output of the first 
stage is coupled to the second stage and synchronizes it at 
250 kc. The third stage is similarly synchronized at 125 kc 
and the fourth at 62.5 kc. 

The output of the fourth stage is used to synchro­
nize test oscilloscopes. It also drives an output amplifier 
of the type described in paragraph 5. This amplifier stand­
ardizes the duration of the word pulse at 1/2 microsecond. 

Front and back views of the unit are shown on photo­
graph 192402. One of the coaxial cables shown carries the 
clock signal. A second cable carries a synchronizing signal 
to test oscilloscopes and a third cable carries the word 
pulse to the computer. 

4 . 3 SUMMARY 

The word pulse generator described herein has been 
operated since January of 1951 without transistor replace­
ments. It has a total battery drain of only 80 milliwatts. 
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WAVEFORMS IN WORD-PULSE GENERATOR 

ONE Iv;EG.ACYCLE 

1 ST Ert,ITTER 
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FIGURE 4-2 
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BASIC TRANSISTOR AMPLIFIER 

5. 1 INTRODUCTION 

A good vacuum tube may not have serious transit time 
limitations upon its use at frequencies below 1000 megacycles 
but the parasitic impedances of the same vacuum tube will limit 
its use in wide-band circuits to band widths of about 20 mega­
cycles. High-speed transistors are limited by transit time 
considerations to frequencies below about 50 megacycles, but 
the parasitic limits are at frequencies above the transit-time 
limits, and for that reason the slow "hole" of transistor 
electronics may be a better carrier for the production or ampli­
fic a tion of high-speed pulses than is the much faster electron 
of vacuum tube electronics. The Ml734 type transistor in the 
circuit to be described is a fast pulse amplifier competitive 
with vacuum tubes in high-speed switching systems. In the 
applications described one may say that a vacuum tube would be 
a poor transistor substitute. 

5.2 INPUT CHARACTERISTIC OF THE TRANSISTOR 

Figure 1 illustrates the negative input impedance of 
the t ransistor for a current gain (alpha) greater than 1 and 
a high base impedance. Figure 2 shows a typical characteristic 
fo r an Ml734 transistor. 

The relationships shown on Figure 1 for the valley 
voltage and current are approximate and based on a number of 
as s umptions about the relative magnitudes of the transistor 
parameters. The interested reader is advised to start with 
the "broken-line" assumptions of Mr. B. G. Farley and derive 
hi s own relationships. The broken line assumptions are: 

1. Re, the emitter impedance, is high and constant 
(comparable to the back impedance of a diode) when 
negative emitter current flows and low and constant 
(comparable to the forward impedance of a diode) 
when positive emitter current flows. 

2. Rb, the base impedance, is constant. 

3. Re, the collector impedance, is high and constant 
for negative or positive emitter currents unless the 
unit is saturated, in which case the collector 
impedance drops to a constant value of the same order 
as the emitter impedance. 
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4. Rm, the mutual impedance, is zero for negative emitter 
current, constant and high for positive emitter.current 
unless the unit is saturated, in which case Rm is zero. 

The most significant feature of the characteristic is 
the peak voltage; the voltage, that is, at which the input re­
sistance becomes negative. The peak voltage is generally nega­
tive and the peak point is reached after the current gain be­
comes greater than 1, which is generally asswned to occur when 
the emitter current ceases to be negative and becomes positive. 
There is some evidence that the peak point may not be reached 
until the emitter current is quite positive. In any event, 
the peak point is a first-order effect of base impedance and 
the collector current that flows when the emitter current is 
zero. In the Ml734 transistor efforts are being made to hold 
the peak point between O and-1/2 volt for a transistor with 
no external base impedance and a collector voltage of -8 volts*. 

Another significant point on the emitter character­
istic is the valley point, the point at which the transistor 
saturates. As the emitter current is increased, the collector 
current increases at a more rapid rate ( if a> l} and the 
resulting base current will carry the internal emitter-base­
collector node negative. At the same time the collec t or 
current will carry the ~xternal collector terminal in a posi­
tive direction towards ground ( if R, > 0}. When the internal 
node has fallen to a voltage near tfiat of the collector termi­
nal, the valley point has been reached and the transistor is 
said to be saturated. The transistor has in effect become a 
passive network because the holes emitted at the emitter have 
reduced the effective collector impedance to a minimum value 
and Rm has therefore been made zero. Further increments in 
the emitter current will divide between the base and collector 
circuits in accordance with their impedance levels, and, as 
seen in Figures land 2, will require that the emitter move 
positive. 

The peak point may be compared to the cut-off point 
of a vacuum tube, while the valley point is somewhat like the 
saturation point that is reached in a vacuum tube circuit when 
the plate voltage has fallen to the cathode voltage. Those 
working with conditionally stable units must grow accustomed 
to the cut-off being above the saturation point. 

--------------
*Variou~ arrangements have been described to make the peak 

point independent of the external base impedance. These 
circuit techniques cannot be used to nullify the effect of 
the internal base impedance. 
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5.3 ELEMENTARY CIRCUIT 

An elementary circuit used to test the pulse per­
formance of' transistors is shown in Figure 3. The 1-mega­
cycle sine wave applied to diode Xl carries the emitter 
positive towards the peak point. When the peak point is 
exceeded, Xl cuts-off and a current determined by Rl will 
flow in the emitter circuit. In the circuit shown the 
current will be approximately 2 milliamperes and will cause 
the emitter to go negative along a path that depends upon 
the emitter capacitance to ground and the bandwidth of the 
transistor. In any event, the path proceeds either directly 
or circuitously towards the intersection of the load line of 
Rl with the emitter v-i characteristic displayed in Figure 1. 
If the intersect ion of the two load lines lies between the 
peak and valley points ( a negative resistance region) the unit 
will oscillate provided the stray capacitance from emitter to 
ground is large or the bandwidth of the transistor is very 
wide o If the intersection is at a current greater than the 
valley current ( a positive resistance region) the circuit will 
rest at a constant emitter voltage below the peak voltage as 
long a s the input sine wave is positive. When the input 
vol tage falls below the emitter voltage, diode Xl conducts and 
pulls the emitter negative. When the emitter falls below the 
valley voltage, the emitter current changes from a value 
great e r than the valley current to a value less than the peak 
cur r e nt and the transistor remains a high impedance until the 
in put r ises once more to a value greater than the peak voltage. 

The ratio of ic to ie, for ie ~ 2 ma, as a function 
of time , has been defined as the pulse alpha; satisfactory 
Ml 734 uni ts are expected to have a pulse alpha greater than 
1. 75 after 0.1 microseconds. Some units develop the required 
alpha in one or two hundrQdths of a microsecond and the . 
excellent rise and fall time in the wave form shown in Figure 2 
is typical of the Ml734 transistor. 

5.4 REGENERATIVE AMPLIFIER CIRCUIT 

In the circuit of Figure 3, the over-all current_ 
gain* is limited to be of the same.order as ~he current gain 
of the transistor. The current gain can be increased by the 
addition of diode X2 as in Figure 4. Diode X2 is returned 

--------- - - - - - - - - - - -
* Defined as the ratio of the collector of current tha~ flows 

when the circuit has reached its stable high-current state 
to the input current required to trigger the circuit. 
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to a voltage slightly more negative than the ·peak voltage. 
Resistors Rl and R2 are chosen so that the emitter will 
rest (when there is no emitter current) at a voltage below 
the bias on I2. This is point A in Figure 4. When the in­
put goes above the peak point, diodes Xl and X2 will be cut 
off and the current set by Rl will start to flow into the 
emitter. Because of the negative input impedance the posi­
tive emitter current causes the emitter voltage to fall 
towards c. If the negative resistance is high enough and 
the unit has sufficient high frequency gain the emitter 
current will snap out to point B. The circuit will then 
stay locked up at B indefinitely unless the emitter is pulled 
below the valley point C or the base is pushed positive. Note 
that because of the negative impedance at the emitter, the 
load line can be switched from the high impedance offered by 
R2 to the low impedance offered by X2 when conducting. This 
gives the circuit a large current gain at the emitter. The 
emitter current is multiplied by the alpha of the transistor 
to give a practical current gain at the collector of the 
order of 20. The minimum triggering current will be influ­
enced by the slope of the curve between point A and C • It 
may be noted in this connection that if the load line of R 
does not intersect the load line of X2 before it intersect~ 
the load line of the transistor, in some cases ( presumably 
those involving transistors with restricted bandwidths) the 
transistor will get "hung up" on the negative impedance 
portion of the characteristic and the collector signal will 
be very small. 

The above circuit is actually a flip-flop rather 
than an amplifier. In order to make it an amplifier it is 
customary to replace diode X2 with a capacitor . When the 
emitter current has snapped out to line DC, the capacitor 
charges down line DC. When the emitter voltage reaches the 
valley point the current snaps to the low-current state 
the capacitor discharges to A, and the unit locks at th~ 
low-current state. Thus, the circuit develops an output 
pulse in return for each input trigger. Two disadvantages 
of using a condenser to provide automatic shut off in high­
speed applications are discussed below. One disadvantage 
is that the duration of the output pulse depends upon the 
slope of the transistor characteristic between points C and 
D. Another disadvantage is that in triggering the circuit, 
the condenser must be charged from voltage A to the peak 



point. This means that if significant delays are to be 
avoided in high-speed applications, a larger triggering 
current is required than when diode X2 is used. The circuit 
shown in Figure 4, can be triggered by a quarter of a milli­
ampere without delays significant to a computer operating at 
a megacycle rate. (A disadvantage of the circuit of Figure 4 
is that it does require a reset pulse.} 

Turning off the circuit shown in Figure 4 by a 
voltage applied at the emitter is extremely difficult since the 
emitter has to be pulled negative to the valley voltage and 
the voltage drop ha~ to be developed across the low impedance 
of the conducting diode X2. However, the circuit can be shut 
off by a positive reset pulse applied at the base of the tran­
sistor through diode X3. It will be seen that the transistor 
can go to its high current state in this circuit only when 
the reset pulse is not present and will always be driven back 
to the low-current state by the next reset pulse applied to 
the base. Therefore, the onset and the duration of the input 
pulse is under the control of the reset pulse and is to a 
degree independent of the transistor, the shape of the input 
pulse~ and the circuit parameters. 

This feature makes it a very simple matter to obtain 
the rigid synchronism required in a serial computer or 
switching system. Sine-wave clock signals are applied to the 
bases of the transistor amplifiers through diodes. The phase 
of the signal fed to the base is chosen so that the base will 
fall to ground just after the latest time at which the input 
pulse, if present at all, could have risen. Then the output, 
if any, will be in synchronism with the clock and not the in­
put. The circuit is therefore a pulse standardizer as well as 
an amplifier. 

These matters may be made clearer by reference to 
Figure 5. Note that a collector pulse is not produced by a 
base pulse alone. Only the signal at the emitter can produce 
an output, and it can produce a signal only during intervals 
set by the base or clock signal. Diode X4 has be~n added to 
the base circuit in order to present a high base impedance 
when the transistor base is driven positive and to present a 
low impedance when the transistor is triggered. R4 is added 
to provide a path for discharg~ng stray capacit~es. The type 
of load shown in Figure 5 provides d-c restoration of the 
signal so that the pulse going into the next diode network 
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will always start at -2 volts. The load has another purpose 
in that the conducting diode X5 provides a very low load 
impedance for the transistor when it first starts to flip to 
the high current state. This speeds up the regenerative 
operation. Once the collector voltage has risen appreciably, 
diode X5 is cut off. 

It may also be mentioned that the circuit can be 
used for indefinite storage by holding back the base pulse 
until the stored data is to be removed from the circuit. 
Difficulties encountered with the circuit are described in 
a later paragraph. 

5.5 SOME APPLICATIONS 

In Section II "Catalog of Block Diagrams" an ex­
tensive group of block diagrams were presented in which all 
logic operations were to be performed in passive diode 
circuits and active elements were used only as gain-producing 
devices to make up for attenuation in the diode circuits. 
The amplifier circuit described in Paragraph 4 is a circuit 
recommended for such an application. 

Figure 6 shows three common logic circuits o The 
bottom circuit has an output whenever at least one of its 
three inputs are energized. The middle circuit will develop 
an output whenever at least two of its three inputs are 
energized. The top circuit has an output only if all three 
of its inputs are energized. Note that the same regenerative 
amplifier circuit is used in each case. 

The top photograph of Figure 7 shows three trains 
of input pulses; the bottom photograph shows the corresponding 
outputs of the circuits of Figure 6. The reader can check 
the operation of the circuits by casting his gaze vertically 
upwards and downwards across the two photographs to see that 
the indicated discriminations have been made at each pulse 
period. As is the case with all the waveforms shovm in this 
memorandum, the width of each pulse represents one-half a 
microsecond. 

Another common logic operation is that of inhibition. 
A three-terminal and-circuit to which an inhibitor terminal 
has been added is shown in Figure 8. This circuit has an out­
put only when all three and-inputs are present and the 
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inhibitor pulse is not. The inhibiting pulse is applied to 
the base a~d in effec~ fills in the blanks in the clock 
pulses (which, otherwise, would leave the transistor ready 
to be operated). A complete binary adder has been built 
using the circuits described in this paragraph and has been 
operated for over a month at a megacycle rate. 

5.6 DIFFICULTIES 

The one major difficulty that has been encountered 
in this project is that some Ml734 transistors do not work 
in the circuit, and it is not always apparent what the basic 
differences are between a unit that works and one that doesn't. 
In a group of 42 Ml734 transistors recently received 37 
worked in the circuit of Figure 5 and 5 didn't. Of the 37 
which worked, some are considered marginal. 

In testing units for operation in this type of 
circuit three voltages are measured. In the circuit of 
Figure 5, the bias on X2 is made variable. The bias voltage 
is set at -4 and then gradually brought up towards ground. 
At first the output will not be a half-microsecond square 
pulse but will be a packet of sawteeth each lasting about 
0.1 microsecond, with the packet lasting a half microsecond. 
This indicates that the bias on X2 is more negative than the 
valley voltage. As the bias is carried towards ground, the 
packet will become a square wave, indicating that the tran­
sistor is sticking in a high current state until reset by 
the base pulse. This means that the load line of X2 is 
intersecting line CD (see Figure 4) at a voltage more positive 
than the valley voltage. The voltage at which the square wave 
is first obtained is called E1 , ( a measure of the valley 
point). As the bias on X2 is carried closer to ground, it may 
occur that an output pulse is developed at the end of every 
base pulse regardless of whether or not an emitter trigger has 
been received. This voltage is called E2 and is taken as a 
measure of the peak point, since the fact that the circuit 
"fires" at the end of every base pulse indicates that the load 
line of X2 does not intersect the emitter characteristic in 
the negative current region. Since, in the absence of ai:i 
emitter input, the emitter rests at_a_voltage more negative 
than the bias on X2, E2 is more positive than the peak voltage. 
The bias on X2 is then lowered and the voltage E3 is noted at 
which the circuit responds only when there is an emitter 
trigger. E3 is generally quite near E2 if it is much below 
E2 hole storage troubles are suspected. 
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The effects of hole storage are apparent in the 
positive pips on the trailing edges of almost all of the wave 
forms. The effect is clear in Figure 5. Note that the 
collector voltage goes up to (and in some cases abov~) the 
emitter voltage before the base pulse succeeds in resetting 
the transistor. This is not due to a lack of amplitude in 
the base pulse but results from the fact that the collector 
remains a low impedance circuit until all of the stored 
holes have been cleared out. 

These hole storage effects are undesirable because 
they make the duration of the output pulse a variable, they 
load down the resetting signal, and if very bad they persist 
so long that the transistor may not be turned off by the time 
the base pulse has ended. Thus the circuit becomes locked 
up permanently in the high-current state. This is particu­
larly serious when transformer coupling is used. The low d-c 
impedance of the transformer permits large average currents 
to flow and thereby increases the hole storage. Thus the E3 
defined previously may be much lower than E2. In some cases 
E2 may be lower than El. As a result, at the present time 
transformer coupling cannot be used with more than a few 
transistors. (Transformer coupling is desirable because it 
permits the major part of the signal power to be used in the 
load rather than dissipated in the collector resistor (R4 
of Figure 5).) 

For successful use it is expected that in the circuit 
of Figure 5, that El, defined as above, will be below - 2 volts, 
that E2 will be above -1/4 volt and EJ be above -0.4 volt. 
This gives good margins in the circuit when X2 is biased at -1 
volt. It is found that units work satisfactorily and inter­
changeably, if El, E2 and E3 are as stated above. A source of 
dissatisfaction is that it has not been possible to correlate 
the values of El, E2 and EJ measured in the circuit of Figure 5 
with the values that d-c measurements indicate. The writer 
feels that what is needed is more knowledge about transistor 
parameters in the megacycle region and more knowledge about 
how such parameters will affect the negative resistance. It 
should be emphasized that not only must more be known about 
transistors but more must be known about negative resistance 
devices when operated at frequencies where transit time 
considerations and storage phenomena must be considered. 
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• 
5.7 CONCLUSIONS 

A transistor amplifier circuit can be made to work 
well in high-speed switching and computing circuits. It is 
believed that such a transistor circuit can be used advan­
tageously to replace many vacuum tube circuits. 
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A WORD GENERATOR 

6.1 INTRODUCTION 

When digital computers or switching systems are 
developed, a fundamental device needed is a generator of 
numbers or words* to be used in testing the operation of 
the system. The device described herein generates 16 digit 
serial numbers in which each digit is represented by a 1/2 
microsecond pulse. The generator can be set by means of 
manually operated switches to generate simultaneously any 4 
numbers between O and 21b-l. Other uses of the generator 
are discussed below. A front view of the word generator is 
shown on photograph 191565 while a back view is shown in 
photograph 191567. 

6.2 BLOCK DIAGRAM 

The generator generates the desired numbers every 
16 microseconds. It is kept in rigid synchronism with the 
output of a 1 megacycle clock oscillator. The word pulse 
that constitutes the input to the unit is obtained from the 
megacycle clock by means of a transistor blocking-oscillator 
f requency divider which puts out a pulse every 16 microseconds. 
In the word generator this word pulse is regenerated 16 times 
and delayed by one microsecond 15 times (see Figure 1). The 
pulse appears at the output of amplifier one at zero time and 
r epresents 2v . It appear~ at the output of amplifier 16 at 
time 15 and represents 21 ~. In addition to feeding a delay 
l l ne each amplifier feeds one of the vertical busses shown 
in Figure 1 and photograph 191567. A group of 4 horizontal 
busses are shown in Figure 1 and each horizontal bus may be 
connected to any of the desired vertical busses by a manually 
operated switch with a diode in series to give isolation be­
tween the vertical busses (photograph 191567). At the end of 
each horizontal bus there is an output amplifier. The user 
operates the bank of 64 switches to generate the specific code 
groups he wants. The generated words will be available at the 
output amplifiers at a level suitable for driving other 
equipment • 

.. ------------------
*This device is called a word-generator in keeping with the 
nomenclature common in the digital-computer field. It might 
as well be called a number-generator or a code-group generator. 
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6.3 CIRCUIT DIAGRAM 

Each of the twenty amplifiers shown in Figure 1 is 
exactly like all the others. The type was described by the 
author in paragraph 5. The circuit of two of the amplifiers, 
showing the delay line between them is given in Figure 2 which 
represents two successive stages in the chain of amplifiers 
through which the word pulse progresses. 

The delay line used was obtained from the James 
Millen Company and has a nominal impedance of 1300 ohms and 
a delay of 1 microsecond per 20 inches. The delay line is 
made only 16 inches long so that the emitter of the nth stage 
will start to rise 3/4 of a microsecond after the n-l'th stage 
"fires". One quarter microsecond later the base pulse from 
the clock will have fallen to ground and the n'th circuit 
"fires" exactly one microsecond after the n-l'th. Thus the 
exact delay of the cable can vary considerably without changing 
the times at which the circuit operates.* 

Figure 3 shows the emitter and base waveforms of 
one of the stages. (The positive peaks of the base waveform 
were lost in reproduction.} The figure also shows a typical 
number at the output of one of the word generator amplifiers. 

Due to the compact nature of the amplifier construc­
tion, little stray capacitance is present. It has been found 
advisable to add 15 mmf from the emitter to ground in order 
to make the circuit less critical to transistors. This 
capacitance helps transistors with restricted band widths to 
switch from the low current to the high current stateo It has 
also been found beneficial to operate the collector into about 
50 mmf. 

6.4 OTHER USES OF UNIT 

The reader can see that the word generator has all 
the components required to convert serial codes to parallel 
codes. If instead of a word pulse, a serial number or code 
were fed into the first regenerative amplifier of Figure 2, 
after 16 microseconds the 16 vertical busses would carry the 
parallel representation of the code. Similarly if the 16 
wires of a parallel system were connected to the vertical 
busses and a parallel number transmitted, the same number in 

----------------------- --------
*The clock pulse fed to the emitter is not necessary since 
the base pulse locks each transistor with the clock. The 
diodes Xl, X2, and resistor Rl would be omitted in any 
future design. 
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serial form would be available at the 16th amplifier. For 
this application, it would be desirable to place a diode be­
tween diode X6 and resistor R5 to prevent the word backing 
up in the amplifier chain. 

The unit might also be used to read punched cards. 
Consider the 16 switches connected to the top qorizontal bus 
of Figure 2 as being feeler springs reading a punched card. 
If a half microsecond pulse were put into the word generator 
it would generate the number stored on the punched card. If 
the entire group of 64 switches of Figure 2 were arranged to 
read punched card data, the unit could read four words 
simultaneously. It is apparent that the switches might also 
be part of a commutator system on a shaft and the unit could 
then convert commutator positions to binary numbers. The 
low impedance of the transistor output circuits make such 
applications appear entirely practical. 

Another use is for the permanent storage of numbers. 
If the group of 64 switches were replaced with appropriate 
permanent connections, the generator would always generate 
the same words. The generator might be extended to develop 
more than four words without difficulty. The numbers stored 
might, for example, be the numerical coefficients of some 
polynominal frequently needed in a computation. 

6.5 CONCLUSIONS 

A transistor operated word-generator has been 
described in which 20 transistors, approximately 180 diodes, 
and 16 delay lines are operated on a total power of less than 
one watt and on battery voltages of +6, -1 and -8 volts. The 
unit works well and has been operated B hours a day since 
May 10, 1951. Only one unit has been replaced and it is be­
lieved that this unit was marginal when put in the generator. 
The word generator is being used to test transistor adders 
and memory units. 
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DESIGN OF HIGH SPEED DIGITAL CO¥.PUTERS USING TRANSISTORS 

DELAY LINE STORAGE 

7.1 INTRODUCTION 

In section II, the writer described a method of 
building a digital computer based on a transistor amplifier 
diode logic circuits, and electric delay line storage. In' 
section V, the basic transistor amplifier was described 
together with the basic diode circuits. In this memorandum 
the work is continued with the description of a delay line 
storage cell (Figures 1 and 2) which will store 16 digit 
numbers at the price of only three ac.tive elements. Photo­
graphs 191566 and 191568 show front and back views of two 
storage units now in use. 

7.2 DELAY LINE 

The delay cable used was made by the James Millen 
Company and has a delay of about one microsecond per twenty 
inches . It is not the voltage attenuation of the line that 
requires the use of three amplifiers in the device pictured 
but is the time distortion suffered by a half-microsecond 
pulse after 5 microseconds delay. With a lumped-parameter 
delay line of greater bandwidth it is believed that a 16 digit 
word could be stored with only one regenerating amplifier. 

7.3 CIRCUIT DIAGRAM 

The complete diagram of the unit is shown in Figure 1. 
The transistor amplifiers have been described in detail in para­
graph 5. It may be noted that the amplifier is turned on pri­
marily by the signal from the preceding delay line but it cannot 
be turned on until the clock pulse at the base has fallen to 
ground and it will be turned off when the clock pulse rises 
one-half microsecond later. Each delay line is made li4 micro­
second shorter than the total delay desired so that the output 
pulse will have been at the emitter one-quarter of a microsecond 
before the clock pulse at the base has fallen to ground. This 
arrangement permits the delay lines to vary in delay and rise 
time without upsetting the synchronism imposed by the clock. 
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The switch Sl is used to empty the delay line by 
inhibiting the first transistor. In a full-fledged computer 
application Sl would be remov.ed and an inhibiting circuit 
would be placed at the output of DLJ. Whenever a new word 
is to be stored, the _inhibitor circuit would be pulsed and 
prevent the old word from circulating any longer. 

The output of delay line 3, and the emitter, base 
and collector waveforms of the transistor it feeds are shown 
on Figure 2. The word being stored was developed by the word 
generator described in paragraph 6. 

7.4 CONCLUSIONS 

A 16 digit delay line storage device has been de­
scribed which offers a more efficient storage facility than 
flip-flop or shift-register storage. It has another advantage 
in that it can be emptied of stored data by turning off one 
transistor rather than 16. This is very important where hole 
storage effects make it difficult to turn off more than one 
transistor with the output of another transistor. 

The device has been operated g hours a day for over 
a month ( since its construction) without transistor replace­
ments. The unit makes a convenient device for the testing of 
transistors for random errors since if a word is introduced 
into the unit just once and then left to circulate, one 
transistor error will multilate the word permanently.* It 
has been possible to operate the unit for over 48 hours 
without failure. 

This is the equivalent of 500 billion successful 
transistor discriminations. When a megacycle clock is avail­
able which will operate in spite of a-c power shutdowns, it 
is hoped that long term tests can be run. 

- - - - - - - - - -- - - - - - - - - - - - - - - - - - - - -
*Transistors produced for digital applications might prof­
itably be "aged" in such a circuit before they are delivered 
to a prospective user. 
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BIT STORAGE WITHOUT FLIP-FLOPS 

8.1 INTRODUCTION 

Many of the storage requirements of a serial com­
puter can be met by delay line storage in which a word to be 
stored is re-circulated in a one word delay line and kept in 
synchronism with the rest of the computer by means of re­
generative amplifiers. This type of storage is quite effi­
cient since for example, 16 digits can be stored with the 
use of only three transistors as regenerative amplifiers. A 
mechanization of this type of storage was described by the 
author in paragraph 7 above. Even in serial computers, how­
ever, this form of storage cannot be used for all storage 
functions. There are some places in a computer where the 
stored information has to be continuously available and 
cannot be available only once every word period. For example, 
there are places in a computer where switches are required. 
These switches normally must be self locking; that is, when a 
switch has been closed it is supposed to remain closed until 
it receives an instruction to open. When it is opened, it . 
must remain open until it receives an instruction to close. 
There must be some memory element associated with the switch 
which stores the close instruction or stores the open in­
struction and keeps the switch in the desired state. It has 
been customary to use flip-flops for this type of storage. 

This memorandum describes a different storage cir­
cuit for such use. It is called a bit storage cell because 
it can store one binary bit of information, either al or a O. 
In Figure 1, the schematic representation of the circuit is 
shown as a box with a M standing for memory, with an output 
terminal, and 2 input terminals: one input terminal is 
labeled "one'' and the other labeled "zero". This device has 
the property that if a pulse is put on the one terminal, al 
will be regenerated continuously at the output until a ~ulse 
is put on the zero terminal, in which case the ~utput will be 
O and remain O indefinitely unless a new pulse is put on the 
one terminal. Thus it is seen that the output of this device 
is a train of pulses occurring at the clock frequency when a 
1 is stored and when a O is stored there is no output at all. 

I 
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A typical use for this type of storage is also 
shown in Figure 1 where the mechanization of a single pole 
switch is given. The memory circuit feeds one terminal of 
an and-circuit which has its other terminal connected to 
the signal to be switched. If a pulse is fed to the one 
terminal of the memory circuit, the switch will be closed 
and whatever data is put on the input to the switch will 
appear on the output. If on the other hand, a pulse is 
put on the zero terminal of the memory circuit, the memory 
circuit will have no output thereafter and the switch will 
be open because the and-circuit cannot respond to the in­
put on the in terminal. 

8.2 POSSIBLE MECHANIZATIONS 

A mechanization for this type of storage is shovm 
in Figure 2A. If a pulse is put on the one terminal of the 
device, it will go into the amplifier through the or-circuit 
and the inhibitor-circuit and will appear as an amplified 
pulse at the output of the amplifier. This pulse will travel 
back through the one digit delay line into the amplifier and 
continue to recirculate indefinitely appearing once every 
digit period at the output of the amplifier. The inhibitor­
circuit is put in series with the circulating path so that 
if a pulse is put on the inhibition lead it will pre vent the 
output of the delay line from getting back into the amplifier. 
This scheme is not considered very efficient because it re­
quires a 1 digit delay line and if this is made out of the 
delay line materials now available, it will be a very bulky 
component. Since it is only necessary that 1 digit be delayed 
by 1 digit time in order to implement this device, a delay 
line isn't really required. Suppose that the output pulse 
of the amplifier, which is normally a positive pulse~ is 
inverted to be made a negative going pulse and this negative 
going pulse is put across a parallel tuned circuit. The out­
put pulse will cause the parallel circuit to ring negative 
and then after a delay ring positive. This positive ring 
can be fed back into the or-circuit, of Figure 2, to retrigger 
the amplifier. To implement this scheme it is necessary to 
have a transformer, to convert the positive going amplifier 
output to a negative pulse, and a resonant circuit. A little 
thought reveals that the resonant circuit can be combined with 
the transformer since the transformer that inverts the pulse 
may itself be made to ring. This scheme is shown in Figure 2B 
where the transformer is fed through a series resistance. 
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The series resistor in effect decouples the transformer from 
the amplifier and prevents the low output impedance of the 
amplifier from damping the transformer. This makes it a poor 
transformer but a good ringing device. It also prevents the 
transformer from loading down the amplifier appreciably. 

8.3 CIRCUIT DIAGRAM 

In Figure 3 a specific circuit is shown. The 
amplifier used was described in paragraph 5 above. When a 1 
is put into the one terminal of the memory circuit it fires 
the transistor which causes the collector to go positive. 
The clock pulse at the base turns the transistor off 1/2 
microsecond later. The pulse at the collector passes current 
into transformer T2 through R5 and causes the transformer 
inductance together with the shunt capacity presented by the 
circuit to ring. After the pulse at the collector has dis­
appeared the transformer secondary rings positive and through 
diode X6 retriggers the transistor provided that an inhibitor 
pulse has not been fed to transformer Tl. The clock pulse at 
the base of the transistor insures that the transistor will 
not fire until the preceding digit period is finished. An 
inhibitor pulse fed to Tl will be inverted and through diode 
X2 will hold the emitter negative thereby preventing a stored 
pulse from recirculating. 

The two transformers Tl and T2 are miniature trans­
formers designed by Mr. A.H. Bobeck. These transformers are 
designed to pass a 1/2 microsecond pulse into a 470 ohm load. 
vn1en operated from a high impedance generator and into a light 
load, these transformers ring at about one megacycle in re­
sponse to a step pulse. 

Figure 4 shows typical wave forms in a memory circuit. 
The input pulses applied to the one terminal and the zero termi­
nal of the memory device are taken from the word generator de­
scribed in paragraph 6. A 1 is stored in the memory device at 
time one. Four microseconds later, a pulse is put on the zero 
terminal and empties the storage cell. At time 6 another pulse 
appears on terminal one but does ~ot get.through the arnplifie~ 
because at the same time a pulse is received on the zero termi­
nal. The pulse at time 7 goes through the amplifier, but it 
does not recirculate because at time 8 a pulse is put on the 
zero lead. The output of the device is O until time 11 when 
another pulse appears on the one terminal. This pulse is 
stored for 4 digit periods until aP-other pulse is put on the 
zero terminal and empties the cell. 
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Since the regenerative amplifier used in this device 
is itself a bi-stable device and is only made to look like an 
amplifier by being turned off every digit time by a clock 
pulse, the reader may ask why isn't the bi-stable transistor 
circuit used for memory. The reasons are as follows: The 
bi-stable transistor circuit can be turned on quite easily 
since the emitter represents a high impedance when the tran­
sistor is in the low current state. However, once the tran­
sistor is locked up in the high current state, both the 
emitter and base terminals present very low impedances and 
it takes considerable current to shut off the device. In the 
computing schemes the writer has proposed it is never necessary 
to turn off one transistor by ar,,, ther. Transistors are used 
only to turn on one another and the shut-off pulses are 
developed from a clock. Since the clock signal represents 
steady state power, it is felt that it can be generated effi­
ciently. If the bi-stable transistor circuit were used for a 
memory circuit it would be left locked up in its high current 
state until it was desired to store a O and a transistor some 
place in the computer would have to develop enough current to 
shut off the transistor at that time. In the scheme sho~m in 
Figure 3, it is no more difficult to store a zero than a one, 
because the storage of a zero merely requires that a positive 
pulse be applied to Tl. Tl converts the pulse to a negative 
going pulse, which causes diode X4 to conduct. It is only 
necessary for diode X4 to carry slightiy more than a quarter 
of a milliampere to prevent the transistor circuit from firing. 
The merit of the circuit can be seen, therefore, to lie in the 
fact that it can be made to store a 1 or a O equally well and 
the sensitivity to a change in either direction is the same. 

8.4 USE OF CIRCUIT FOR DELAY 

The device described herein makes a useful delay 
element where only one digit of delay is required. In Figure 5 
a chain of amplifiers are shown which are connected to one 
another through ringing transformers. If an input pulse is 
put into amplifier one, it will appear at amplifier two at 
time 2, amplifier three at time 3, etc. The circuit might be 
an important substitute for delay lines where long delays are 
required and delay lines themselves might be too bulky. 
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A BINARY ADDER 

9.1 INTRODUCTION 

The basic amplifier of paragraph 5 has been combined 
with the appropriate diode logic circuits to produce a serial 
adder. The adder can accept inputs at a megacycle rate and 
uses six interchangeable plug-in amplifiers. The total bat­
tery drain is 0.264 watts. 

9.2 BASIC AMPLIFIER PACKAGE 

From the experience obtained with the word generator 
and delay line storage units described in preceding paragraphs 
it was apparent that a standard amplifier package would speed 
up the construction of new devices such as the adder described 
herein. The package that was evolved represents only a crude 
approximation to the package that would be used in production 
because time did not permit recourse to such techniques as 
auto-assembly and printed circuitry. 

The circuit of the amplifier is shown in figure 9-1. 
The normal input and output are at terminals 2 and 120 Termi­
nals 3 and 11 are provided so that direct connections can be 
made to the emitter and collector when desired. 

Front and back views of the assembled amplifier are 
shown in photographs 192144 and 192143. The small cylindrical 
object shown in 192144 is the miniature transformer that is 
used for inhibition as described in the detailed discussion 
of the ~dder. 

9.3 ADDER CIRCUIT 

The adder can be regarded as a translator with three 
inputs, addend, augend and carry. It is a simple translator 
in that the output is a function only of the number of ones 
among its inputs. The logic circuits for performing addition 
were described in paragraph 2.41 above. Figure 9-2 shows 
the schematic of a complete adder in which each of the am­
plifiers in 9-2 has the same circuit as the one in figure 
9-1. 
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If there is at least one "one" among the inputs 
either diode X9, XlO, or Xll will pass current into am­
plifier B3 which will produce a half-microsecond output. 
If there is only one "one" among the inputs, 4 out of the 
6 diodes X3, X4, X5, X6, X7, and XS will not cut-off and 
amplifier B2 will not fire. Similarly, Xl or X2 or the 
internal diode X3 of amplifier Bl will continue to conduct 
and Bl will not fire. 

If there are two ones among the inputs either X3 
and X4 or X5 and X6 or X7 and XS will be cut off which will 
put 3/4 of a milliampere through Xl2, Xl3, or Xl4 to fire 
amplifier B2. 

· If there are three "ones" among the inputs, Xl, 
X2, and X3 (internal to Bl) will be cut off and amplifier 
Bl fires. 

When amplifier B3 is triggered a half microsecond 
pulse passes current through X22 which cuts off the diode 
X3 internal to B5. Amplifier B5 will fire when the diode 
Xl8 is cut off by the clock provided amplifier B2 has not 
fired. If amplifier B2 has fired the transformer Tl will 
invert the positive output pulse and cause Xl9 to conduct 
which will prevent B5 from firing. The purpose of feeding 
the clock pulse to Xl8 is to insure that B5 will not fire 
on the input of B3 until after B2 has had an opportunity to 
inhibit B5. It should be recognized that B5 cannot fire 
until Xl8, Xl9, and the X3 internal to B5 have all been cut­
off. The diode Xl9 will permanently be cut-off, unless B2 
fires, because it is returned to +2 volts. 

The output of B5 is restored to a DC level of -2 
volts by diodes X20 and RB. When B5 fires it will trigger 
B4 through Xl6 to produce a one for the sum. The firing of 
Bl will trigger B4 through Xl5 whether or not B5 has operated. 
The carry is obtained by feeding the output of B2 through a 
half microsecond delay line to trigger B6. 

It was explained in paragraph 5 on the basic am­
plifier circuit that the phase of the base pulse supplie~ by 
the clock determines when an amplifier will be able to fire. 
The clock used has a 4 outputs, ~a, ¢b, ~c, and ~d, each of 
which is delayed by 1/4 microsecond from the preceding one. 
The inputs to the adder are obtained from amplifiers whose 
bases were operated on ~c. The amplifiers Bl, B2 and B3 are 
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~perated on ~d to permit the ~c outputs to pass through the 
diode circuits. This results in the outputs of Bl, B2 and 
BJ being delayed exactly 1/4 microsecond from the addend, 
augend and carry. 

Amplifier B5 is operated on ~a to permit the outputs 
of B2 and BJ to rise and amplifier B4 is therefore operated 
on ~b. This results in the sum signal being delayed 3/4 
microseconds from the addend, augend and carry. Delay line 
one is required to delay the output of amplifier Bl by 1/4 
microsecond so it will be in phase with the output of B5. 

The carry pulse has to be in phase with the addend, 
and augend which are ~c. Since 1/4 of a microsecond is lost 
in both B2 and B6 delay line 2 need be only 1/2 microsecond 
long. 

The addend, augend, and carry inputs are obtained 
through capacitors (CJ of figure 9-1) and their DC level is 
set at a voltage below -1 1/2 volts by the internal diode X2 
of amplifier Bl. This diode X2 is returned to -1 1/2 volts 
whereas the diode X2 of each of the other amplifiers is re­
turned to the normal value of -1. The reason for setting 
the DC level of the inputs at below -1 1/2 volts is to 
prevent the voltage drop across diodes X3, X4, X5, X6, and 
X7 and XS from raising terminal 2 of B2 above -1 volt in the 
absence of signals. It should be noted that R4 is mad e 2o7 k 
rather than 2.2 k because it has 12 k, R3 of amplifier Bl, in 
parallel with it whereas R5 and R6 are not shunted. 

The input signal required to operate the adder can 
be computed by studying the addend requirement alone sin ce 
the augend requirements are the same. In the absence of a 
signal the junction of R5 and Xl rides at a voltage below 
-1 1/2 volts determined by the drop across diode Xl. As sum­
ing that the drop across Xl is about 1/2 volt the current 
through R5 can be calculated as 

8 - 2 

2.2 

or 2.73 milliamperes. The drop across Xl (a W.E. 400A 
varistor) for a 3 milliampere current will average 1/2 volt 
and this checks that the addend terminal will ride at -2 



volts in the absence of a signal. To insure that the emitters 
of Bl, B2 and BJ can be carried above their turning point 
(assumed to be no higher than ground) the addend terminal has 
to be carried to about +0.25 volts. The current required to 
do this is 

8 + 0.25 
2.2 

or J.75 milliamperes. The voltage change required is 2.25 
volts. The input requirement on the adder is therefore a 
2.25 volt pulse and a current of J.75 milliamperes. 

If the diodes available has been ideal (zero for­
ward impedance) the input voltage would have been only 1 volt 
and the current only 2/3 of a milliampere. In this case if 
the peak point of transistors could be held to a spread of 
0.25 volts the input requirement to the adder could be only 
0.25 volt. It is hoped that the above discussion indicates 
how the forward impedance of diodes and the dispersion in 
transistor peak points affect signal power required. 

Figure 9-3 shows the wave forms at various points 
in the adder for the addition of two typical numbers. Photo­
graph 192399 shows a front and back view of the adder. Photo­
graph 192400 shows a front and back view of the diode package 
designed for the logic circuits at the front end of the adder. 

9~4 SUMMARY 

A successful all transistor high speed adder has 
been described. This is the third such adder that the writer 
has built. The first two have been operating since May 1951 
without any transistor replacements. 
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BASIC AMPLIFIER FOR BINARY ADDER 
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DIODE PACKAGE FOR BINARY ADDER 
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D A T A O N E X P E R I M E N T A L 

T R A N S I S T O R T Y P E S 

BTL Ml679 POINT-CONTACT TRANSISTOR 

W.E.CO. Al698 POINT-CONTACT TRANSISTOR 

J. J. KLEIMACK 

BTL Ml725 - BTL Ml729 POINT-CONTACT TRANSISTOR R. J. KIRCHER 
R. M. RYDER 

BTL Ml727 - BTL Ml728 P-N JUNCTION DIODES JOHN N. SHIVE 

BTL Ml734 POINT-CONTACT TRANSISTOR B. G. FARLEY 

BTL Ml740 P-N JUNCTION PHOTOCELL 

BTL Ml752 NPN JUNCTION TRANSISTOR · 

BTL Ml754 - BTL Ml755 P-N JUNCTION DIODES 

produced outside the work performed under this contract 
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DATA ON EXPERIMENTAL TRANSISTOR TYPES 

It is now possible on an exploratory development 
level, to make transistors to several sets of prescribed 
characteristics with good tolerances and satisfactory yields. 

For applications involving one or more of the follow-
ing features, transistors may be especially suitable. 

1) Economy of Space - Minaturization 

2) Economy of ~ower 

J) Ability to Stand Shock and Vibration 

4) Long Life 

Current transistors have certain limitations as to 
frequency, power and temnerature range. However, with better 
understanding and improved techfniques, it is expected that 
these will be, at least partially, overcome. Some indication 
of what may be expected from transistors may be had from in­
spection of the tables belows 

a 

rb 

REPRODUCIBILITY 
Point Contact Transistors 

± 20% 

± JO% 

± 20% 

± 25% 

Cut-off frequency ± JO% 

Noise figure ± Jdb 

Large signal characteristics ± 25% 
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LOW-FREQUENCY GAIN 

VIDEO GAIN 

I-F GAIN 

GAIN ·CONTROL 

POWER - CLASS A 
CLASS B 
CLASS C 

FREQUENCY RESPONSE 

NOISE FIGURE, 1 kc 

LIFE 
TEiviPERATURE RANGE 
VIBRATION 
SHOCK 
UNIFORMITY 

SIZE 

I-:INil',UM POWER 

NEGATIVE RESISTANCE 
NEGATIVE FEEDBACK 

PERFORMANCE 

<45 db /stage 

20 db/stage 

20 db/sta/:!:e 

20-50 mw 
400 mw 

1752 

1729 

1734 

1-3 watts oeak 

1752 

1729,1752 
1729 
1689,1698 

1-3 me 
7 me 

20 me 
15 db 
45 db 

>70,000 hours 
<80°C 
>100 g 

~20,000 g 
±30% 

1 cu. in. 
1000 

1 cu. in. 
100 

1 cu. in. w 

PT. 

PT. 
PT. 
PT. 

1752 
1729 
1734 
1752 
1768 

CONTACT UNITS 
1729 

CONTACT UNITS 
CONTACT UNITS 
CONTACT UNITS 

1689 

1752 

CASED UNITS 

1 microwatt 1752 
few milliwatts 1768 

1689, 1698, 1734 
1752 

A more detailed discussion is given below. 

Gain: At audio and carrier frequencies, gain up 
to about 45 db per stage is offered by the 1725 junction-tyoe 
unit in grounded emitter connection. At video frequencies, 
gain of about 20 db per stnge is offered by the 1729 point 
contact unit in grounded base connection. Even though the 
grounded emitter connection can give somewhat more gain, it is the 
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moment not recommended for point-contact transistors because 
of stability and variability difficulties. At high frequencies 
(up to about 20 mc/s) the 1734 point contact unit offers some 
possibility of gain of about 20 db per stage; but stability 
problems make this use more exploratory than the 1729 or 1752. 

Gain Control: Transconductance proportional to 
operating current is offered by the 1752 units. 

Power Output: 
a) Undistorted Class A power output from either 

1752 or 1729 is about 20 to 50 mw. The 1752 has higher ef­
ficiency, but only slightly more gain. 

b) Class B output of about 400 milliwatts has been 
obtained from a pair of 1729's in push-pull connection, using 
duality-type circuitry. The collector power efficiency is good, 
but the overall efficiency may be debilitated if a resistor is 
used in the power supply circuit. Data on 1752's is not avail­
able, but they would probably give about the same output with 
somewhat better gain and considerably better overall efficiency. 

c) Class C output with rectangular wave-forms in 
on-off trigger-type service permits efficiency well above 90%. 
Consequently 1698 units can give powers in the range 1 to 3 watts 
peak. 

Relative to what can be obtained from tubes, power 
output is lower but efficiency is often considerably higher. 

Freouencv Response: The 1752 can be operated up to 
about 3 megacycles as a grounded base video amplifier: up to 
only about 200 kilocycles in the higher-gain grounded-emitter 
connection. The point contact 1729 units average 7 megacycles 
cutoff frequency; the point-contact 1734 units average about 
20 megacycles, but with more feedback, so that the last are use­
fue primarily in trigger circuits. These frequency figures are 
quite variable at present, but by selection a range of ±JO% 
can be met by 1729 units. 

Noise: A noise figure of about 15 db at 1000 cycles 
for the 1752, with 1/f frequency response, is indicated by very 
preliminary data. Noise of point contact units is about JO db 
higher. 

Vibration and Shock: Vibration to at least 100 g 
does not affect units and shock to the order of 20,000 g does 
not damage them. In applications where vibration is severe, 
even point.contact transistors may give noise performance 
superior to tubes. 
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. ~ize: At present only the 1689 and 1752 units are 
availa~le in beads. (Less than .01 cubic inch volume). How­
e~er, in many applications the overall size is limit~d by pas­
sive components, even for cased transistors (l/50 cubic inch) 
which are about an order of magnitude smaller than comparable' 
tubes. 

Power Economy: Operation with only microwatts of in­
put is possible with 1752 junction-type units. The 1768 point­
contact units give 20% efficient oscillations at 35 milliwatts 
input, and will operate with less. 

Low Voltage Operation: For 1752's a few tenths of 
a volt bias and a few microamperes of current will nroduce 
operation; for 1768's, a volt or two, with about a hundred 
microamperes, is needed. 

Life: Extrapolated estimates give about 70,000 hours 
or more for the life of point-contact units under moderate 
operating conditions. Data are not available for junction units, 
but comparable diodes indicate even better performance is likely. 

Uniformity: Units are held to limits which are in 
most cases within 20 to JO per cent of nominal values for the 
type. These figures are comparable with the ordinary run of 
unselected vacuum tubes, and are sufficient for a useful degree 
of interchangeability. For example, the range of gain of 1729 
grounded-base amplifisrs is about± 1.5 db from nominal. 

Miscellaneous Circuit Properties: 
a) Negative feedback for extreme uniformity and 

low distortion is applicable, especially to 1752 amplifiers. 
b) A useful high-to-low impedance transformation, 

similar to the cathode-follower tube, is offered by the 
analogous connection of the 1752. 

c) Negative resistance effects obtainable from 
point contact units, especially the 1689 and 1698, are very 
useful in trigger-type switching circuitry. 

d) Stability of the operating point, particularly. 
in transistors having alpha greater than one, requires attention 
to terminating impedances at all frequencies, including those 
outciide the useful band, both high and low. In particular, 
self-biasing requires care because the bias polarity correspo~ds 
to positive rather than negative d-c feedback. To reduce.vari­
ations in operating point, it is well to have the d-c res~stance 
in the emitter lead much lareer than that in the baee lead. 

Finally there follows information on a number of 
transistor types ~hich are either in pilot production or in 
an advance development stage. 
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Ml689 TRANSISTOR 

DEVELOPMENT CHARACTERISTICS OF TRANSISTOR TYPE B.T.L. Ml689 

The Ml689 bead transistor is a miniaturized transis­
tor having electrical characteristics suitable for switching 
circuits. It consists of a molded bead, approximately one­
eighth inch in diameter, with a heavy base lead and two fine 
wires as the emitter and collector connections. It is primarily 
for use in miniaturized molded circuits in which small size and 
direct connection into circuits by soldering is required. Ap­
plication may also be made without potting. 

An exploratory development specification for the 
transistor is attached. 

EXPLORATORY DEVELOP~~NT SPECIFICATIONS 

DescriDtion: Transistor - Switching Applications 

Ratings: V I V I p T Note 
C C e e C a 

Absolute V mA V mA mW oc 

lv'iaximum -50 -40 -40 +40 80 

Test Conditions: 

Dimensions: Dia. 1/8" Approx. 

25 

l-1ounting Position: Any 

Connections: Base - .025" Dia. Wire 

Collector - Bent Lead - .005" Dia. 

Emitter - Straight Lead - .005" Dia. 
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Test 

Handling Precautions 

Aging Period 
Vibration & ~hock 

Conditions 

Note 2 

48 hrs., Note 6 
Note 3 

OFF Collector Current Ve= -35V de; 
le= O 
Note 7 

ON Collector Volt~ge (1) l e= -2 mA de: 
le= l mA de; 
Note 4 

ON Collector Voltage (2) le = 3 mA de; 
IC = -5.5 mA de 

Emitter Resistance Ve= -lOV de 

Alpha (1) Ve= -JOV de 
I = +1.0 mA de 

Alpha (2) 

Alpha (3) 

Open Circuit 
Input Resistance 

Open Circuit Feedback 
Resistance 

Open Circuit Forward 

Resistance 

Open Circuit 
Output Resistance 

Turn-Off Time 

N5te 5 

V = -JOV de; 
I~ = +0.5 mA de 
Note 5 

V = -30V de; 
_c A le= -0.1 m de 
Note 5 

Ve = -lOV de; 
le= +l mA de 

Ve = -lOV de; 
le= +l mA de 

V c = -lOV de; 
le= +l ml\. de 

V c = -lOV de; 
le= +l mA de 

Note 8 

• 759 • 

-2 mA de 

-3 V de 

-4 V de 

-0.2 mA de 

a:2.0 

a: - 0.3 

800 Ohms 

500 Ohms 

- Ohms 

- Ohms 

0 l microsecond 



Note 1 In ward direction of current is taken as positive for 
both emitter and collector. Voltages are measured with 
respect to the base. Subscripts "c" and "e" refer to 
collector and emitter respectively. Voltages are taken 
on an absolute basis so that a voltage of V~ = -40 is 
greater than a voltage of Ve= -JO volts. be ratings 
are on the basis of any duration longer than the order 
of 5 microseconds. Transients in excess of the ratings, 
but with durations much less than 5 microseconds, may 
not injure the unit; it is to be understood, however, 
that such service is experimental. Currents of 50-100 
mA have been employed. 

Note 2 The transistor should not be subjected to service in 
which there may be excessive transients as in plugging 
in and out with power on, but this may be done if under 
any case the ratings are not exceeded. Base contact 
should be made first. If solder connections are made, 
heat sink protection on the transistor side of the joint 
should be provided as with flat nose pliers. 

Note J The same degree of ruggedness experienced with germanium 
diodes may be expected. Transistors have been shocked and 
accelerated to 20,000 G without failure. 

Note 4 Limiting resistors of 100,000 ohms in the emitter cir­
cuit and 50,000 ohms in the collector circuit should be 
employed. 

Note 5 Alpha tests (1), (2) and (3) are small signal measure­
ments. 

Note 6 

Note 7 

.Note 8 

All tests should be made after aging at 75mW, collector 
dissipation for 48 hours and after four temperature 
cycles of one-half hour duration between room tempera­
ture and 75°C. 

For the I test, -35 V from a constant voltage source 
should bec~pplied for at least 5 minutes at the end of 
which period Ico is not to exceed -2 mA. I c shall be 
not greater than -2 mA at Ve= -20 volts at 55°c • 

This test and requirement is measured in the circuit 
shown in Fig. 13-1 and is defined as the time required 
for the collector voltage to return to the value it 
had in the ON condition also illustrated. The transis­
tor is in a "fully saturated" ON state when the turn­
off step is applied. The emitter and collector currents 
are equal in the ON state. (This is a tentative method 
for measuring turn-off time.) 

J. J. KLEW!ACK 
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TEST FOR TURN-OFF TIME 
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ADVANCE TRANSISTOR DATA SHEET 
WESTERN ELECTRIC TRANSISTOR 

DEVELOPMENT MODEL Al69 8 

I 
Af 

BASE 

°' 0 

• 0 -. 

.2 3 9---

VIEW A-A 

.150±.010 

---:,070 

~025 A,-<------' +-+-+----~--....L.-. 

• ·---1--+--. 0 5 0 R. 

... N 
oo 
00 -v: ,. 
~ -N 

--.032 !",001 

0 
CD 
N ~~--,r-

VIEW B-B / et ___ 
LCOLLECTOR EMITTER 

DESCRIPTION 

The Al698 is a point contact transistor triode in cartridge 
form. It is designed for use in .switching circuits where the 
large-signal parameters of the active device are of primary 
interest. The external connections are arranged to fit the 
Cinch #EXP8672 or equivalent socket. 

(Operating conditions and characteristics on Pages 2 and 3) 

Issue 1, 9-7-51 

Al698 
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GENERAL CHARACTERISTICS 

Iv"'.ECHANICAL DATA 

Mounting Position - - - - - - _______ _ 
Dimensions and Pin Connections - See Outline , 
~MUM RA'fINGS 

Collector Voltage (D-C)­
Collector Current (D-C)- -
Collector Dissipation- -
Emitter Voltage (C-C)- - - -
Emitter Current (D-C)- -
Ambient Temperature 

- - - -
Pagel 

TYPICAL OPERATING CONDITIONS AND CHARACTERISTICS 

Stable End Points 
High Collector Impedance Condition 
Emitter Current (D-C) - - - - - -
Collector Voltage (t-C)- - - - - - -
Collector Current {D-C)- - - - - - -
Low Collector Impedance Condition 
Emitter Current (D-C) - - - -
Collector Current (D-Ci- - - - - - -
Collector Voltage (D-C)- - - - - -

Small Signal Characteristics 
Current lmolification 
When Collector Voltage=-)O;Emitter Current=lma - - -
\\/hen Collector Voltage=-)O;Emitter Current=0.05ma- -
When Collector Voltage=-40;Emitter Current=-0.lma- -
Cut-off Frequency, Nominal l_ - - - - - - - - - -- -
Base Resistance, Nominal2 (r12) 

At Vc=-)O;le=l.O ma - - - - - - - - - - - - - - -

any 

-100 volts 
-15 milliamperes 
120 milliwatts 

-100 volts 
15 milliamperes 

130 F 

0 milliampere 
-40 volts 

-1.5 milliamperes 

1 milliampere 
-2 milliamperes 
-2 volts 

2 
3 

0.2 
5 megacycles 

200 ohms 

Note 1 Cut-off is defined as the frequency at which the current 
amplification is 3 db below its low frequency value. 

Note 2 Base resistance is defined as the ratio of the voltage 
developed across the input terminals, to the collector 
current causing it~ In other words, it is a measure of 
the positive feed back inherent in this type of device. 

Operating Precaution 
Where possible the transistor should not be connected to its 
circuit with bias voltages applied. \iihere this is not possible, 
the base connection should always be made first. Violation of 
this precaution may result in permanent darnag~ to the transistor. 
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EXPLORATORY DEVELOPMENT CHARACTERISTICS OF 

BTL Ml725. BTL Ml 72Q TRANSISTORS 

Recent improvements in uniformity of transistors have 
permitted exploratory production of units with variations with­
in about ±25% of nominal characteristics. While this degree of 
uniformity is somewhat inferior to that of standardized vacuum 
tubes, a useful degree of interchangeability is now realizable. 
Temporary specifications on two types of transistors, the BTL 
Ml729 and the BTL Ml725 are attached herewith. 

For general purpose audio and carrier frequency ap­
plication, the BTL ~U729 unit has 20db gain, 50mw class A out­
put power, 3 me. high frequency cutoff, and 54db noise figure 
(at 1000 cycles). 

For economical low voltage operation, the BTL Ml725 
unit has lSdb gain, 20% output power efficiency, 48db noise 
figure ( 1000 cycles), with only 4ma at 5 volts required of the 
power supply. 

At ambient temperatures approaching 60°C the properties 
of these transistors may be adversely affected, the units are 
therefore given reduced dissipation ratings above 50°C ambient, 
and are not recommended for operation above 80°C ambient tempera­
ture. 

The predicted life of these units, when operated at 
125 milliwatts dissipation, (before the gain falls 3db) is of the 
order of 70,000 hours. 

The same degree of ruggedness experienced with g!rman­
ium diodes may be expected. Accelerations up to 10,000 Gin any 
direction can be tolerated by these transistors. 

EXPLORATORY DiVELOPMENT SPECIFICATIONS 

BTL M-1725 TRANSISTOR 

Reference - JAN-lA 

Description - Transistor 

.Maximum Ratings (Note 1) 

Ve le Ve le Pc Pe Ambient 

V ma mW mW oc 
V ma 

-50 -20 +5 +15 200 50 50 ( Note 
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Test Conditions 

-5.0 +1.5 20 

Dimensions: Per Outline 2 Mounting Position: Any 

Connections: Per Outline 2 

Test Conditions Min. l'-'.Lax. 

Handling Precautions Note 2 

Holding Period (48 Hours) Note 5 

Vibration and Shock Note 3 

Input Resistance R11 Note 6 160 230 ohms 

Feedback Resistance, R12 Note 6 90 160 ohms 

Forward Resistance, R21 Note 6 12000 24000 ohms 

Output Resistance R22 Note 6 6000 12000 ohms 

Current Amplification Factor,a Note 6 1.8 2.6 

Noise figure (1000 cycles) Note 7 53 db 

Frequency cutoff (alpha Jdb down) J.O me 

Note 1 Subscripts c and e refer to collector and emitter r e­
spectively. Voltages are measured with respect to the 
base. DC ratings are on the basis of any duration longer 
than about 5 microseconds. Transients of shorter duration 
somewhat in excess of the ratings may not injure the 
unit; it is to be understood, however, that such service 
is experimental. 

Note 2 The transistor should not be subjected to excessive 
transients such as may occur on plugging in or out with 
power on. This may be done if in any case the ratings 
are not exceeded; base contact should be made first. If 
solder connections are made, heat sink protection on the 
transistor side of the joint should be provided, as with 
flat-nose pliers. It is recommended that solder connections 
not be made to the base. 
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Note 3 The same degree of ruggedness experienced with germanium 
diodes may be expected. Transistors have been shocked 
and accelerated to 20,000 G with no difficulties except 
that an acceleration of more than 10,000 G, applied in 
such a direction as to lift the points, may cause fail­
ure. Suitable packaging is used to protect the units 
against normal atmospheric conditions. 

Note 4 For ambient temperatures from 50°C to 80°C, the maximum 
collector dissipation should be 100 milliwatts. 

Note 5 All tests should be made after holding period. 
Ref. FJ, JAN-lA. 

Note 6 Operating point for measurement of circuit oarameters is 
le= 1.5 ma, Ve= -5v. 

Note 7 Noise figure varies inversely with frequency. 

EXPLORATORY DEVELOP~iENT DATA SHEET 

BTL M-1725 TRANSISTOR 

Triode Amplifier for ~~inimum Power Drain 

MAXIMUlvi RATINGS not to be exceeded in continuous operation 

Emitter Current, le 
Emitter Voltage, Ve 
Emitter Dissipation 
Collector Current, Ic 
Collector Voltage, Ve 
Collector Dissipation 

15 ma 
-50 V 

50 mW 
-20 ma 
-50 V 
200 mW (up to 50°C ambient) 
100 mW (up to 80°C ambient) 

AVERAGE OPEN CIRCUIT RESISTANCE PARAfii.ETERS 

Grounded base connection, with 
Input Resistance 
Feedback Transfer Resistance 
Forward Transfer Resistance 
Output Resistance . 
Current Amplification Factor 

IE = 1.5 ma, Ve.,. 5.0 v 
R11 • 195 ohms 
R12 • 115 ohms 
R21 • 16,000 ohms 
R22 = 8,000 ohms 

a=- 2.1 
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TYPICAL LOW-DRAIN OPERATION CONDITIONS 

Class A power amplifier, grounded base conditions 

1.5 ma Emitter Current, le 
Emitter Dissipation 
Collector Voltage, Ve 
Collector Current, I 
Collector Dissipatio5 
Input Termination 
Output Termination 
Available Power Gain 
Power Out put 

less than 1 mW 
-5 V 

Cutoff Frequency (alpha Jdb down) 
Noise Figure (1000 cycles) 

Dimensions: 
• 

Outline drawing Fig. 14-1 

-4 ma 
20 mW 

500 ohms 
1000 ohms 

lS db 
4.5 mW 
5 me 

48 db 

EXPLORATORY DEVELOPMENT SPECIFICATIONS 

BTL M-1729 TRANSISTOR 

Reference - JAN-lA 

Description - Transistor 
Dissipation 

Ratings: Ve le Load Pe Pc 

Units Volts ma. Volts ma. Ohms Milliwatts 

Maximum -50 -20 

Test Conditions -JO 
(small signal) 

+5 +15 so 

+1.0 20,000 

Dimensions, Per Outline 2 l-'iounting Position: Any 

Connections: Per Outline 2 

• 768 -

200 

Ambient 

Temperature 
degrees, C 

50 
{Note 4) 

Approx. 30 



Ref. - Test Conditions ~ 
Handling Note 3 

Precautions Note 2 

FJ Holding Period 4g hrs., Note 5 
Vibration and Shock Note 3 

Collector Voltage -JOV, Emitter Current 1.0 ma. 

Input Resistance, R11 150 ohms 225 ohms 
Feedback Transfer 
Resistance, Rl2 JO 100 

Forward Transfer 
Resistance, R21 20,000 40,000 

Output Resistance, R22 10,000 20,000 

Current Amplification 
Factor, a 2.0 J.O 

Cutoff Frequency, fc 4.0 --me 

Noise Figure 
(1000 cycles) 

( Note 7) 56.0 db 

Note 1 Subscripts c and e refer to collector and emitter re­
spectively. Voltages are measured with respect to the 
base. DC ratings are on the basis of any duration longer 
than about 5 microseconds. Transients of shorter duration 
somewhat in excess of the ratings may not injure the unit; 
it is to be understood, however, that such service is 
experimental. 

Note 2 The transistor should not be subjected to excessive 
transients such as may occur on plugging in or out 
with power on. 5uch plugging in or out may be done if 
in any case the ratings are not exceeded; base contact 
should be made first. If solder connections are made, 
heat sink protection on the transistor side of the joint 
should be provided, as with flat-nose pliers. It is 
recommended that solder connections not be made to the 
base. 



Note ) The same degree of ruggedness experienced with germanium 
diodes may be expected. Transistors have been shocked 
and accelerated to 20000 G with no difficulties, except 
that an acceleration of more than 10000 G, applied in 
such a direction as to lift the points, may cause fail­
ure. Suitable packaging is used to protect the units 
against normal atmospheric conditions. 

Note 4 For ambient temperatures from 50°C up to 80°C, the maxi­
mum collector dissipation should be 100 milliwatts. 

Note 5 All tests should be made after holding period. 
Ref. FJ, JAN-lA. 

Note 6 Operating point for measurement of circuit parameters 
is Ie = 1.0 ma, Ve= -JOv. 

Note 7 Noise Figure varies inversely with frequency and is 
measured at Ie = 0.5 ma, Ve z -8v. 

EXPLORATORY DEVELOPMENT DATA SHEET 

BTL M-1729 TRANSISTOR 

Triode Amplifier for Audio and Carrier Frequencies 

JJJAXIMlJI.i RATINGS not to be exceeded in continuous operation 

Emitter Current I 
Emitter Voltage, Ve 
Emitter Dissipation 
Collector Current, Ic 
Collector Voltage, Ve 
Collector Dissipation 

Collector Dissipation 

15 milliamperes 
-50 volts to +5 volts 
50 milliwatts 
-20 milliampers 
-50 volts 
200 milliwats (up t o 50~ 

ambient) 
100 milliwatts (for ambient up 

to 80°C) 

AVERAGE OPEN CIRCUlT RESISTANCE PARAMETERS, GROUNDED BASE 
CONNECTION AT THE OPERATING POINT Ic = 1.0 ma, Ve = -JO volts 

Input Resistance R11 = 190 ohms 
Feedback Transfer Resistance R12 = 75 ohms 
Forward Transfer Resistance R21 = 32,000 ohms 
Output Resistance R22 = 15,000 ohms 
Current Amplification Factor a = 2.5 
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TYPICAL OPERATING CONDITIONS: 

Emitter Current, Ie 
Emitter Dissipation 
Collector Voltage, Ve 
Collector Current, Ic 
Collector Dissipation 
Input Termination 
Available Power Gain 
Load Resistance 
Cutoff Frequency 

(alpha 3 db down) 
Noise Figure (1000 cycles) 

Dimensions: 

Outline drawing Fig. 14-1 

Small Signal Class A Amplifier 

1.0 milliamperes 
Less than 1 milliwatt 
-30 volts 
5.0 milliamperes 
150 milliwatts 
)00 ohms 
20 db 
15,000 ohms 
5 Mc 

54 db 

NOTE Noise Figure is inversely proportional to fre­
quency. In operation at Ie = 0.5 ma, V = 8 
volts, the noise figure improves to 48 ab. 

TYPICAL OPERATING CONDITIONS: 

Emitter Current, Ie 
Emitter Dissipation 
Collector Voltage, Ve 
Collector Current, Ic 
Collector Dissipation 
Available Power Gain 
Load Resistance 
Power Output 

Large Signal Class A Amplifier 

2.0 milliamperes 
Less than 2 milliwatts 
-30 volts 
7 milliamperes 
210 milliwatts 
18 db 
5000 ohms 
50 milliwatts 

R. J. KIRCHER 

R. M. RYDER 
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STATIC CHARACTERISTICS OF M 1729 TRANSISTOR 
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EXPLORATORY DEVELOPMENT CHARACTERISTICS 

BTL Ml727 AND BTL Ml728 P-N JUNCTION DIODES 

The BTL Ml727 and BTL ~1728 P-N junction diodes, 
are designed for low forward impedance and high reverse im­
pedance, respectively. Their particular advantages are low 
forward impedances, high reverse impedances, high back volt­
afe capabilities, and small size. Their major limitation is 
comparatively low (100 KC) frequency cutoff. Summaries of the 
terminal characteristics of these two devices are given in the 
following sheets. -

BTL ~U727 P-N JUNCTION DIODE 

Reference: JAN-lA 

Description: Germanium P-N junction diode, low forward impedance 

Ratings: epx il Io Pp 

Absolute V mA m.A mW 

Maximum 200 
(note 

Test Conditions -

Dimensions: as per outline Figure 15-1 

lviounting position: any 

TA 

oC 

80 
1) 

25 

Connections: red spot on shell marks positive terminal 
for easy flow 
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BTL Ml727 P-N JUNCTION DIODE - CONT. 

Ref. ~ Conditions 

Handling precautions Note 2 

F-6b(l) Vibration 

F-6c(l) Forward current Eb ,. lVdc 

F-6c(l) Reverse current Eb = 40Vdc 
Eb = lOOVdc 

Reverse current Note 3 

F-6c(l) Reverse voltage lb - lOOµAdc 

Frequency cutoff Note 4 

Noise Note 5 

BTL Ml72S P-N JUNCTION DIODE 

Reference: JAN-lA 

Description: Germanium P-N junction diode, high 

Ratings: epx il Io Pp 

Absolute V mA mA mW 

Maximum 200 
(note 

Test Conditions -

Dimensions: as per outline Figure 15-1 

~1ounting position: any 

1) 

lv'iin. !Vi.ax. 

Ib: 10 - mAdc 

Ib: 10 µAde 
lb: 20 µAde 

Vx: 150 - Vdc 

back impedance 

TA 

oc 
80 

25 

Connections: redspot on shell marks positive terminal 
for easy flow. 
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Ref. 

F-6b(l) 

F-6c(l) 

F-6c(l) 

F-6c(l) 

F-6c(l) 

Note 1 

Note 2 

Note 3 

Note 4 

Note 5 

BTL Ml228 P-N JUNCTION DIODE - CONT 
.L 

Test Conditions Min. l"iax. 
Handling Precautions Note 2 

Vibration 

Forward current Eb • lVdc Ib: J -mAdc 
Reverse current Eb = lOOVdc Ib: 10 µAde 

Eb• 200Vdc lb: 15 µAde Reverse current Note J 
Reverse volt~ge lb= 100µ.Adc Vx JOO - Vdc 

Frequency cutoff Note 4 

Noise Note 5 

BTL Ml222 and BTL Ml72S 

For ambient temperatures above 50°C the maximum 
dissipation rating becomes 100 mW. 

When soldering to or bending the lead wires they 
should be gripped with pliers between the operation 
and the connections to the element. 

At an ambient temperature of 60°C the maximum reverse 
leakage current ratings are 10 times higher than those 
given for 25°c. 

Rectified de output for continuous wave applications 
may fall off considerably in the range below 100 kc 
and prohibitively in the range from 100 kc to 1 MC. 
Step-function action in which the element is carried 
from reverse to forward is more rapid in response. 

The short circuit noise current int he band from 
200 cps to 200,000 cps should not exceed 10-7 amp 
rms at a de bias of 90 v reverse. 

JOHN N. SHIVE 
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J~L 
MAX. MAX. 

LEAO WIRES • 010 NICKEL) LENGTH Ii 1/Y.!Yl!/V. 

POLARITY INDICIJTEO BY REO 5POT ON Sf/ELL 
AT POSITIVE ENO FOR El}SY FLOW OIRECTI0N. 

EXTERNAL DETI/IL OF M-1727, M-1728; /Yl-1754,, /21-/755 
P-N JUNCTION DIODES. 

FIG, 15-1 
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EXPLORATORY DEVELOPMENT CHARACTERISTICS FOR 

B. T. L. Ml?34 TRANSISTOR 

Numerous important system applications need a device 
combining good switching capabilities, and low voltage and 
power requirements with high speed operation. A transistor unit 
designated the BTL Ml734, is under development to exploit the ' 
possibilities of the point-contact type in these directions. 
Briefly, as an indication of performance, the BTL Ml734 makes 
possible computer-type switching operations at rates of at least 
a mega.cycle per second with voltage supplies of S-24 volts and 
average power drains per unit of the order of 25-50 milliwatts. 

Complete specifications for the BTL Ml734 have not 
yet been set, but development ones are attached. 

A curve of current gain (a.) versus frequency is taken 
with Ve "" -7 v., and le .. 0.5 mA. The frequency at which a. has 
fallen to O. 707 of its low-frequency value (3 db down) is desig­
nated the frequency cutoff, f c . 

A maximum time of r5sponse at a low voltage (-7 v) is 
assured by requiring that fc - 10 me/sec. 

Output or collector large signal switching character­
istics are fixed by cutoff and saturation requirements. Thdse 
are 1) Cutoff , 

Ie = O, Ve= -7; le ~ -0.7 ma. 

(This value of le called Ic 0 ) 

2) Saturations 

le= 3 ma., le= -4 ma.1 Ve~ -1.2 volts 

(This value of Ve called Vc3,4 ) 

These specifications assure that a considerable proportion of 
a low collector supply voltage can be obtained as output voltage 
with low load resistances. 

The cutoff input resistance is fixed by requiring 
that the cutoff resistance of the emitter to be greater _than 

100 
K at v = - 10 v. Also, the large signal char~cteris~ic. i s 

held by ~ixln~ t~e min1m: l~~~; ~~~~aih~u~~!~le~a{i; omT~~~ 0 }~ ) 

done by intro ucing a • nd 1000 ohm load . It is required 
with -8 v • coll ector supply a. . d as a further check on 
that a 2:: 1~8 undeh~ th~s~ c~ne~~~n~f ~nmust be reached within 
response time, t is m1n1mu 
u.l µsec. or less. 
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SPECIFICATIONS B. T. L. Ml734 

Reference - JAN-lA 

Descriotion: Transistor-High Speed Switching Applications 

Ratine:s Ve IC Ve Ie pc Ta Note 1 

Absolute V mA V mA mW oc 

.Maximum -100 -40 -40 +40 120 

Test Conditions - 25 

Dimensions: Per Outline 

Connections: Per Outline Fig. 14-1 

Mounting Position: Any 

Ref. Test Conditions Min. Max. 

Handling Precautions Note 2 
F-J Aging Period 24 hrs, Note 4 

Vibration & Shock Note J 
OFF Collector Current Ve• -7 Vdc; IC: 0 -0.7 mAdc 

Ie • 0 

ON Collector Voltage Ie • 3 mA Ve: 0 - lo2 Vdc 
le = -4 mA 

Emitter Resistance 
Reverse Ve = -10 Vdc; Ie: 0 - 0.1 m.Adc 

IC • 0 

Frequency Cutoff le = 0.5 mAdc;fc: 10 - me sec. 
Ve= -7Vdc -
Note 5 

Alpha after 0.1 µsec Ie • 2 mA a:1.8 
Ve• -7 Vdc 
Note 6 
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Note 1 

Note 2 

Note 3 

Note 4 

Note 5 

Note 6 

Inward direction of current is taken as positive for 
both emitter and collector. Voltages are measured 
with respect to the base. Subscripts "c" and "e" refer 
to collector and emitter respectively. Voltages are 
taken on an absolute basis so that a voltage of Ve• -40 
is greater than a voltage of Ve• -30 volts. DC 
rating are on the basis of any duration longer than 
the order of 5 ps. Transients in excess of the rating, 
but with durations much less than 5 µs, may not injure 
the unit; it is to be understood, however, that such 
service is experimental. 

The transistor should not be subjected to service in 
which there may be excessive transients as in plugging 
in and out with power on, but this may be done if under 
any case the rating are not exceeded. Base contact 
should be made first. If solder connections are made, 
heat sink protection on the transistor side of the 
joint should be provided as with flat nose pliers. 
Solder connections to the base are not recommended. 

The same degree of ruggedness experienced with germanium 
diodes may be expected. Transistors have been shocked 
and accelerated to 10,000 G with no difficulties, ex­
cept, when applied in such a direction as to lift the 
points, there may be failure. 

All tests should be made after aging at 100 mW col­
lector dissipation for 24 hours. 

Frequency at which oc, the small signal current gain, 
is down 3 db from its low frequency value is designated, 
fc• 

For this test, a 2 mA step function is applied to the 
emitter from cutoff. The collector load is 1000 ohms. 

B. G. FARLEY 
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EXPLORATORY DEVELOPMENT CHARACTERISTICS FOR B.T.L. 

Ml740 P-N JUNCTION PHOTOCELL ELEMENT 

During the development of an encoding system the 
P-N junction photocell emerged as the preferred unit for use 
in the photodetection circuit of the angular position encoder. 
Reasons for this preference are: hi~h reproducibility from 
unit ot unit in manufacture, low dark current, low noise, and 
small size. 

Development data sheets and specifications are 
attached. 

DATA SHEET ON B.T.L. Ml740 PHOTOCELL 

Maximum ratin~s Not to be exceeded in continuous operatior 

Bias Voltage, Ebb 

Bias Current, lb 

Dissipation, Pp T < 50°c 
T > 50°C 

Ambient Temperature, T · 

200 Vdc 

10 mAdc 

100 mWdc 
50 mWdc 

80°C 

Nominal AC Eauivalent Circuit Parameters 

At operating point Ebb= 90 Vdc; 

Flux• .00625 lm* 

Junction Resistance, rj 

Body Resistance, rb 

Transfer Constant, K 

10 megohms 

200 ohms 

.03 5 milliamos 
millilumen 

- - - - - -- - - - - -- - - - - - - - - - - - - - - - - - - -
*Black body source at color temperature 2400°K, focussed into 

spot 0.5 mm in diameter on junction. 
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DhTA SHEET ON B.T.L. Ml?~O PHOTOCELL - CONT. 

Tvnical Operating Condition: Small signal photoelectric trans-
ducer, 20°c 

Supply Voltage 180 Vdc 

Load Resistance • 5 megohm 

Light Flux, Steady Component .006 lm 

Bias Current, lb 190 µAde 

Bias Voltage, Ebb 90 Vdc 

Dissipation, Pp 17 mWdc 

Typical Operating Conditions: Light-operated on-off switch, 
20°c 

Supply voltage 135Vdc 135 Vdc 

Load Resistance 1 megohm O. 5 megohm 

Dark Current <20µ.A <20µA 

Light Flux >.005 Im >.009 Im 

Light Current 13 5µ.A 270µ.A 

Sh-ort Circuit Noise Current*, in 1 cycle per sec. band at 1000 
cycles per sec. 

Ebb = 90 Vdc; lb .. 7µ.Adc (dark) In = 2 x 10- 5µ.Aac rms 

Ebb = 90 Vdc; lb = 450µAdc (light) In = 1 x 10-\1Aac rms 

Freauencv Cuttoff, at which output is -3 db from low frequency 
value fco > 25 kc 

Snectral Range 

Approximately 75% quantum efficiency for incident light 
in the visible and infra red to 1.6 micron wave length. See Figure 
17-2. 

- - - - ----- --- --------------
*The noise power per unit band approximates a f relationship 

with frequency at which the noise is measured. 

· 783 -



SPECIFICATIONS ON B.T.L. Ml7~O PHOTOCELL ELE)ffi:NT 

Ref'erence: JAN-lA 

Description: ~hotocell element - germanium p-n junction 
(visible and infra-red sensitive) 

Ratings: Ebb 

Absolute Vdc 

Maximum 200 

Test Conditions: 90 

Light 
Source 

Note 1 

Light 
Flux 

lm 

.00625 

lb pp 

mAdc mWdc 

10 100 
Note 6 

T 

oc 

80 

20 

Spectral Response: Note 3 

Dimensions: per outline Figure 17-1. 

Connections: per outline Figure 17-1. 

r.'.ounting: any position 

F-7d 

Test 

Handling Precautions 

Dark Current 

Light Current 

Conditions 

Note 4 

T =- 20°C 

T = 55°C 

T = 20°C 

T = 550c 

Frequency response -3 db 

Noise Current Note 5 

- 784-

Min. 

Lib 20µ.Adc 

Lib l0OµAde 

lb 170 µAde 

lb 200 µAde 

f 25,000 co - cps 



Note 1 

Note 2 

Note 3 

Note 4 

Note 5 

Note 6 

The testing light source is a tungsten filament 
operated at a color temperature of 2400° Abs. 

This flux is focused into a small spot 1/2 mm in 
diameter, conetered on the p-n junction tract on the 
.040 x .125 face of the cell element. 

The spectral response corresponds to a quantum ef­
ficiency of approximately 75% in the region from 
visible blue to 1.6 microns in the infra red. See 
Figure 17-2. 

The waxed surfaces of the element should not be handled. 
vvhen t.he wires are to be bent, they should be gripped 
between the bend and the soldered electrodes, so as to 
place no stress on the latter. 

The short-circuit noise current in the b~nd from 200 
cps to 200,000 cps should not exceed 10-, ampere rms 
at a de bias of 90 volts. 

~t ambient temperatures above 50°C, the maximum 
dissipation rating is reduced to 50mW. 

JOHN N. SHIVE 
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EXPLORATORY DEVELOPMENT CHARACTERISTICS FOR THE 

BTL Ml752 TRANSISTOR 

The BTL Ml752 transistor is an NPN junction transistor 
which can give high power gain at high efficiency, even at very 
low operating voltages and currents. In addition, the noise 
figure 'of the device is very much lower than that of point con­
tact transistors of conventional design. 

A limited number of develooment models of the BTL 
Ml752 have been made for preliminary study in several possible 
circuit applications. Figure 18-1 shows outline dimensions 
and lead arrangement of these models, and a development speci­
fication is attached. 

SPECIFICATIONS BTL Ml752 TRANSISTOR 

Reference - JAN-lA 

Description - Transistor 

Ratings: Ve Ic Ve Ie Load Dissipation 
Pe Pc 

Units Volts mA Volts mA ohms milliwatts 

Maximum +50 5 

Test Condit ions 

Small Signal 

5 

+4.5 1.0 

Dimensions: per Outline 

Connection: per Outline 

Im 
Handling 

Holding Period 

Vibration and Shock 

Collector Voltage 

Input Resistance 

Dwg. 

Dwg. 

50 

Fig. 18-1 

Fig. 18-1 

Conditions 

Note 2 

48 hrs., Note 5 

Note 3 

- 788 -

Ambient Temp. 
dep-rees C 

50 

Approx. 25 

lVdn. 

0 +50 volts 

1000 ohms 



Output Resistance 

Current Amplification 
Factor 

Conditions 

2 

~ 

100,000 

.95 1.0 

Note 1 Subscripts c and e refer to collector and emitter re­
spectively. Voltages are measured with respect to the 
base. D-c ratings are on the basis of any duration longer 
than about 5 microseconds. Transients of shorter dura­
tion somewhat in excess of the ratings may not injure 
the transistor. 

N.ote 2 The transistor should not be subjected to excessive tran­
sients such as may occur on plugging in or out with 
power on. This may be done if in any case the ratings 
are not exceeded, base contact should be made first. 
When solder connections are made, heat sink protection 
on the transistor side of the joint should be provided, 
as with flat-nose pliers. 

Note 3 The same degree of ruggedness experienced with germanium 
diodes may be expected. 

Note 4 For ambient temperatures from 50° C up to ~0° C the 
maximum collector dissipation should not exceed 25 milli­
watts. 

Note 5 All tests should be made after holding period. 
Reference FJ, JAN-lA • 

.Note 6 Operating point for measurement of circuit parameters 
is le = 1 mA, Ve = + 4.5. 

K. D. SMITH 
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OUTLINE DRAWING OF ~1752 TRANSISTOR 

COt..LECTOR 
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EXPLORATORY DEVELOPMENT CHARACTERISTICS FOR 

BTL Ml754 and Ml?55 P-N JUNCTION DIODES 

The BTL Ml754 is a new p-n junction diode which is 
intended_for applications.where unusually high forward-to­
back ratios are required in the operating range below 50 volts. 
It does not have a high back voltage sustaining ability in the 
range above 50 volts. The BTL Ml755 is a p-n junction diode 
for which the reverse characteristic exhibits a sharp "break­
away" from the saturation current and proceeds to higher cur­
rent along a Zener line of rapidly decreasing impedance. We 
thus have a current-saturation region of several megohms a-c 
impedance sandwiched between the forward characteristic region 
and the Zener region, both of which may have a-c impedances 
of the order of tens of ohms. 

The equation of the Zener region portion of the re­
verse characteristic is: 

(11 107 ) V I "' V x 10 - ~ amps/sw.cm., where E = 
I!, d ' 

the field in the barrier, with d being the barrier thickness. 
The reciprocal of the slope of the Zener characteristic, which 
gives the a-c impedance in the Zener region, is: 

z -z 
v2 

i(V + 2.J x 107 d) 
ohms per sq. cm., 

showing that this impedance is a function of the saturation 
voltage ( which remains practically constant over this region), 
the current, and the barrier thickness. The properties of the 
barrier in this region are independent of temperature. How­
ever the Zener region characteristic of a practical diode is 
temp; rature dependent insofar as the series resistance o~ the 
germanium body of the element is so dependent. If the. diode is 
to be of much practical use the onset of the Zener region 
should occur below 100 volts in order to give a usefully long 
current range below the 200 mW maximum allowable dissipation 
point O To date Zener voltages have been found in the range from 
12V up to over l00V. 

For neither of these devices have enough samples been 
made and studied to justify the presenta~ion here of full . 
specifications. Accordingly there a re _given below. only a list 
of those limits which have been tentatively established for 
measurement purposes. 
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MlZ~l:t TEST LIMITS 

Forward current at l Vdc 

Reverse current at 25 Vdc 

Reverse current at 40 Vdc 

Reverse voltage at 100 X 10-6 de 

Power dissipation 

Ml755 TEST LIMITS 

Forward current at 1 Vdc 

A~c resistance in reverse current 
saturation region 

A-c resistance at 2 mA reverse 
(Zener region) 

Zener limiting voltage range 

Power dissipation 

JOHN N. SHIVE 
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25 mA min. 

.5 X 10-6 max. 

1.0 X 10-6 max. 

75 V min. 

200 mW max. 

5 mA min. 

1 megohm min. 

1000 ohms max . 

to 100 V max . 

200 mW max. 
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