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ABSTRACT 

A TRANSISTOR SELECTION SYSTEM 

FOR A MAGNETIC-CORE MEMORY 

by 

George Alexander Da~id~on 

Submitted for the degree of Master of Science 

in the 

Department of Electrical Engineering 

on January 16, 1956 

Square-hysteresis-loop magnetic material, magnetic-core 
memory operation, and various selection systems are discussed with 
emphasis on a two-coordinate READ, three-coordinate VijUTE system 
using two-to-one selection-current ratios. 

The proposed circuit is introduced in which selection is 
performed with saturated transistors and driving is a separate 
function. The requirements of a 64x64xl7 memory operating with a 
6 ~sec duty cycle are used to specify the following transistor 
parameters: 

an ~ 0 .91, aI ~ 0 .90, f n 2:. 6.7 mc, f I Z 6: 7 mc, 

VB 2: 35 V, VB Z 20 V, and Vp :2:20 V • 
n I 

Theoretical and empirical equations are used to predict 
the following construction limits for a high-current transistor-gate: 

for an npn, 1 <Pb < 2.n.-cm, 0.2'::' Wb <.0.5 mils; 

for a pnp, 1 <. Pb <: 2..i"1-cm, 0.3'" Wb <.0.5 mils. 

The matrix and amplifier necessary to drive the transistor
gate are designed using a transistor matrix that is driven from 
transistor flip-flops. 

Tests of some commercial transistors are described. Results 
are presented of an experimental transistor-gate level amplifier. 

Thesis Supervisor: Richard D. Thornton 

Title: Instructor in Electrical Engineering 
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CHAPTER I 

!HE MAGNETIC-CORE MEMORY 

1 .. 0 Introduction: Solid..sta te Electronics Developments 

Two solid-state devices have entered the commercial electronics 

field in the last few years, both being an outgrowth of research that 

took place during and after World War II~,2 The first of these devices 

to be used in digital computer applications was the square-hysteresis-

loop magnetic core. These cores were initially made from ultra-thin 

metal tapei later compressed forms of manganese-magnesium ferrites3 

having suitable characteristics were develope do 

'!he development of the point contact transistor4 excited computer 

engineers, but problems in manufacturing reliable transistors prohibited 

early application to computer design.. The development of the junction 

transistor in 195cf again aroused hopes, but a poor frequency response 

and more manufacturing problems damped efforts to utilize this compo

nent in the computer field at that time. Recent developments6 have 

placed the transistor on at least the same level as the vacuum tube 

with respect to reliabilit.y and control of characteristics, and there 

is a definite effort to use the transis.tor wherever its characteristics 

are superior to those of other devicesy,8,9,lO, 11 

This thesis evaluates the transistor as it is applied to the selec,-

tion system of a magnetic-core memory in a digital computer.. This first 

chapter includes a discussion of the magnetic core, an outline of an 

opera ting core memory; and a review of some possible selection systems .. 



2 

101.0 His tory of Magne tic-Cores in the Digi tal Computer Field 

The first application of magnetic-cores in the digital computer 

field was to the static delay line, or stepping register by Ao Wang at 

the Harvard Computational Laboratory in 1948~2 In 1949, Jo Wo Forrester13 

proposed that the cores be used in a three-dimensional storage device 

that could accept and return the complete binary number (a word) for 

each interrogation of the storage unit, ioe. the memory.. In a stepping 

register it is necessary to shift the number out of the register one bit 

at a time (in series) as opposed to the three-dimensional memory from 

which a complete word is withdrawn as a unit (in parallel).. In 1950 

W~ N~ Papian14 put a three-dimensional system into operation, however, 

the metallic cores employed did not prove satisfactory in this applica-

tion because of the manner in which the selection was performed .. 

1.1.1 Metal-Tape Cores vs Ferrite Cores 

If the hysteresis loop in Fig. 1.1 receives plus or minus ~ units 

of magnetization, no permanent flux change will be induced for either 

remnant flux density condition, +Br or -Br (the only two possible 

quiescent flux states in this system) 0 If the excitation is increased 

to "'Hm and the core was originally at -Br, the flux: will change to "'Brg 

. if originally at "'Br, there will be little change in fluxo The speed 

with which the flux: change takes place is not indicated on the 

~!~~~r~sis loop, but is proportional to H - ~ (where H is the total 

drive). 

Ferrite cores are cheaper, smaller, more rugged, and have more 

~~osely controlled properties than metallic cores but their outstanding 

useful feature is a fast switching time when excited with Hm units .0£ 
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excitation. The square-hysteresis-loop ferrite material produced in 

1952 by Dr. E~ Albers-Schoenberg15 needed more excitation than the 

metallic materials to move out to the ~ POint~ however, when the core 

was excited with lIm, the switching took place in approximately one 

microsecond. By comparison, the best metallic cores switch in 7 )J.S 

when excited with Hm. A metallic core of the same geometry as a ferrite 

core and with the same drive will switch faster and produce more flux 

change than the ferrite core. Consequently, metallic cores are more 

useful in stepping registers and matrix switches, while ferrite cores 

are more desirable in coincident-current applications where the maximum 

drive is limited to HxJ2 

1.1.2 Magnetic-~ore MemorzQeerationl),14 

The ferrite cores, one for each binary bit, are assembled into 

arrays (a digit plane). These digit planes are then assembled in layers,? 

one layer for each bit of word length, to form a complete memory as is 

shown in Fig. 1.2. If the memory is to contain 16 binary words, there 

will be eight drivers needed to select the cores, .four on the Y coordi-

nate and four on the X coordinate. 1he wires are so arranged and the 

directions of the currents in the X and Y lines are such that the magneto-

mative forces add when both the X and Y wires through a core are axci tedo 

The first step in interrogating the memory, the READ operation, is 

to send a pulse of current, ~ in magnitude, (corresponding to an mm.t' of 

.,. in Fig. 1.1) down one x line and 0 n e y 1 in eo 

The number of planes that will be excite d corresponds 

'* Hm varies from 8 amps/meter for the- metallic tape material to 160 
amps/meter for the ferrite material. 
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to the number of binary bi ts in a word and there will be .four cores on 

both the X line and the Y line in each plane that will receive exci ta

tion. Six of the cores in each plane receive ¥ and there. will be 

little flux change regardless of their original flux state. The core 

common to both the X and Y lines receives the sum of the two excitations" 

Im (an nnnf' of Hm), which is in the direction associated with the binary 

ZERO. If the core were already in the ZERO state, there would be a very 

small flux change, but if it had been in the remnant flux state defined 

as a binary ONE, there would be a large flux change during the time the 

core is swi tching to the ZERO state. A flux change will generate a 

vol:tage in any conductor threading the flux, therefore all the conduc

tors passing through a core containing a ONE will have a voltage induced 

in them when the core is swi tched to the ZERO state. In each plane 

only one core per interrogation can generate a ONE signal since only one 

core receives Im. excitation, therefore, a winding passing through every 

core in the plane will detect the signal from the selected core. Note 

also that the information in the memory at this partiCtllar address is 

now a binary ZERO. There are also small outputs from the cores that 

receive ¥ and in a large plane they would mask the single ONE, so a 

special winding, the sense winding, is threaded through the cores in 

~ch a,way that the noise signals tend to cancel and only the ONE signal 

remains at the output. 

The next opera tion, WRITE, reverses the direction of the current 

pulses in the X and Y selection lines so that all the cores at the 

intersections are now driven in the ONE direction. All cores driven in 

this manner are switched to the ONE state. 
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To WRI'IE a ZERO in to a particular bi t in a word, the Z winding 

associa ted with the bit is driven in a direction to set all the cores 

in this particular plane to the ZERO state with a pulse (called the 

INHIBIT pulse) of ¥ amplitude. Cores that were unexci ted during the 

READ operation now receive ¥ in the ZERO direction, cores, that have an 

X or Y drive of ¥ in the ONE direction, have no net driveJ the single 

core with the X and Y drive of ¥- has a resul tingdri ve of ~ in the ONE 

direction and remains in the ZERO state; therefore, none of the cores 

change their flux state. 

The logical equipment needed to perform the selection of the X and 

Y coordinates is shown in Fig. 103 for a memory with 4096 words of. 

storage. ihe memory-address-register (MAR) receives its inform tion 

from the digit-transfer-bus and feeds out complementary levels to two 

separa te diode ma trixes;6 one for the X and one for the Y coordinate 

lines. The output of each diode matrix consists of 63 low (unselected) 

levels, and one high (selectedllevel. Each of the 64 leveis is fed to 

a READ gate and a WRITE gate associated with a particular selection 

line in the memory_ 'When the READ driver is pulsed, one of the READ 

gates will conduct allOWing ~ to flow through the selected lineo The 

READ drivers in both X and Y are controlled by the same flip-flop so 

that both X and Y currents flow at the same time. When the WRITE 

~ver is pulsed, the WRITE_ gate, associated with the ,~ g;ate that 

!as just activated, conducts and ~ nows alo~g the lines in the oppo

site direction perfOrming the WRITE operation. 
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The timing diagram for the 'Whirlwind* memory cycle is shown in 

Fig. 1.4 and includes the relationship between the READ, WRITE, and 

INHIBIT pulses. The CIDCK pulse puts inform tion into the MAR and 

starts the sequence that activates the current generators.. The SmOBE 

pulse samples the sense winding output at a time when the noise 

associa ted wi th ZERO pulses has dropped to zero and the ONE is just 

reaching its peak. The noise signals are associated with the rise and 

f'an of the selection line and digit plane currents.. The inhibit 

signal is much' larger than any other signal on the sense winding since 

almost every core in the plane received ± ~ .. 

1.1.3 Other Selection Systems 

The system described above is one of' a group of multi-coordinate 

selection systems17,18 in which the magnitude of the selected-to-

unselected current ratio is an important parameter. In the above sys-

tam it was 2:1 during both the READ and WRITE operation (i .. e .. , the 

selected core received rm while the largest unselected signal was ~) 
I . 

although 2 coordinates, I and Y, were used to READ and 3 coordinates, 

X, Y, and Z, were used to WRItE. 'When the same selection system is 

used for reading as is used f'or writing, one more dimension, or coordi-

nate, must be u.sed during the WRIm operation to control the information 

to be written back into each digit of' the selected word. 

It more than three eoordinates are used, the current ratio will 
~ ", " 

decrease and the core will switch more slowly. less CIlrrent will be . ....••......... ,.. " , "" .. ". " .. ..... ... .•. .,,,. ,'; 

!~quired p~~ coordinate (a desirable f'~ature in a transistor s,ystem). 

and f'ewer driving lines will be needed. 

* Whirlwind is a digital, computer in the Digital Computer Laboratory, 
Massachusetts Institute of Technology, and in 1953' became the .first 
operational computer to use a magnetic-core memory. 
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For a re g is t e r drive system in which one coordinate is se

lected19,20 for READ, two coordinates will be necessar.y for WRI1E and 

the maximum. current ratio will be 3:1.. Faster switchmg time is thereqr 

possible but at the expense of a great increase in selection equipment 

for one selection line is required for each word and for each digit 

plane. 

Redundant coordinate selection systems2l result in high selected-

to-unselected current ratios on the READ operation, but the additional 

coordinate on WRITE reduces the system to a non-redundant one With its 

restriction of low selected-to-unselected current ratio resulting in 

long switching times. 

1.1.4 Characteristics of a 64 x 64 x 17 Magnetic-Core Mem.ory 

Although the design procedure will be carried out in general terms.ll 

it will be specifically aimed at developing the characteristics of a 

selection system for a 4096 word magnetic-core memory where the words 

are 17 binary bits long. A memory of this size, 64 x 64 x 17, is in 

use at Lincoln Laboratory and represents enough storage to perform 

many scientific problemso 

Although the type of magnetic material was narrowed down to the 

ferrites in Secl> 1.1.1, there are two types of ferrites in the size 

* suitable for memory cores. General Ceramics S-l material, in the 

memory -core Size, has a coercive force of 0.41 amp-turns and switches 

in 1 ~sec with twice the coercive force applied (Im in the previous 

discussion). S"'3 material has a coercive force of only 0.17.5 amp ... turnSb 

.". Present-memory aores have an outside'diameter of 0.080", an inside 
diameter of 0.0,0" and a height of 0.025". 
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but takes 5 \.Lsec to switch. The 8-1 material will be selected on the 

bases of its shorter switching time, but the 8-3 material should be kept 

in mind in case a serious problem develops with respect to the 

amplitude of current .. 

When a selection line is driven with a step of current~ the half= 

selected cores, which greatly outnumber the fu11y-selected cores$ pre-

sent an inductive load to the current driver, and the equivalent in.. , 

ductance per memory core is 0.01 lJhenryo To switch the selected cores 

in the shortest time they should be driven by a step of current~ however,9 

the rise and fall time of the current should be as long as possible to 

reduce the back voltage of the half-selected coreso As a compromise,ll 

the rise and fa11 times are chosen as 1/2 lJ.Sec, and the 0<>41 amp pulse 

produces about 0.01 volt per core driven. With 1088 cores on a selec

tion line there is a peak back voltage of about 11 volts. The current 

and voltage waveforms for a particular selection line are shown in 

Fig. 1.5 while writing alternately ONEDa and ZERO Us.. Although it is 

possible to break one selection line into several segments, it seems 

possible and it is desirable to drive the above selection line as a 

uni t ... the de Sign will be on this basis" 

To take advantage of the short memory ... eore switching time" the 

turn-on and turn-off time s of the selee tion lines should be a small 

part of the total memory cycle time. The' cycle timing shown in 
" , 

rig. 1.4 will be used as a guide in the transistor design since it is 

:r.:ep.z.oesentative of the actual timing used in dsvelop~1'ltalc.?~ .. 

memories in Lincoln Laboratory. The selected line must be ready for 

the !IAl) cU%Tent 1 IlS after the clook pulse occurs. The previousl)" 

selected line must be ready for the be.ok voltage associated. with the 
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READ pulse in the same time interval~ however~ if the transistors are 

unable to recover in I ~s~ the selected line might be turned off 1/2 ~ 

before the clock pulse occurs and thus give 1 1/2 ~s for recoveryo 



CHAPTER II 

SELECTION SYSTEM REQUffiEMENTS 

200 Introduction 

The fundamental task of the selection ~stem is to accept at 

its input a binary coded address and at the proper time, as determined 

by other input signals, cause the information to be read out of the 

memory by setting all of the selected cores to ZEROo After a specified 

interval, it must drive the cores so that the word just read will be set 

to all ONEY s if other equipment is not used to inhibit this actiono 

The particular manner in which the currents are controlled 

is dependent to some extent upon the memory selection systemo The 

following discussion will apply to a two=coordinate=READo three= 

coord:inate-WRITE memory, in which the READ and WRITE currents use the 

same wireso The last re striction is due to the sizes of the memory 

cores and the wires used in the construction of the arrayso Larger 

memory cores would require more driving current and smaller wires 

would impose difficult construction problemso 

201 Transformer Coupled Gates 

USing the vac~tube selection s.ystem described in Seco 10102 

as a guide, a transistor equivalent may be developed and one possible 

system is shown in Figa 201 in block diagram formo If the line In/iS 

selected then the READ and WRIm gate outputs will be low impedances to 

ground, and if unselected, high impedances to groundo If the READ 

driver is pulsed when line In is selected, current will now through 

15 
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one half of the primary of the pulse transformer22 and through the READ 

gate to groundo The pulse will be coupled to the secondary (with an 

impedance transformation, if desiTable~) and the hail=select READ 

pulse, ~ will flow on line ~o There will be a voltage developed 
2 

across the pulse transformer that will appear at the READ driver and 

will also appear at the output of all the unselected READ gateso Due 

to inductive coupling there will also be a voltage developed at the 

WRITE driver and all the WRITE gates except the one selectedo When 

the WRITE driver is pulsed the same action will take place except 

the current in the memory will be reversedo 

Since the READ and WRITE gates each pass the driver currents,9 

but at different times, it would be desirable to combine their operaticno 

When this is done a system as is shown in Figo 2.2 resultsft First 

consider the operation with the diodes shorted outo If Xn, is selected 

and the READ driver pulsed, current will flow through the top hal.f of 

the primary and through gate :xn to groundo There is also a path for 

current from the READ line through the rest of the pulse transformers,9 

all in parallel, to the WRITE line and then through the bott,om of the 

primary to the center-tap and to ground through the gate Xn" Sirl.ce 

the primary is a continuous windingj> the currents produce equal and 

opposite magnetization resulting in zero output and the ~stem will 

" not work. Inserting the diodes prevents current flow from the READ 

bus to the WRITE bus since one of the diodes will be reverse biased for 

curren t flow in either direction .. 
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Unfortunately£> the induced voltage across the lower half of 

the pr:imary is of the polarity opposite to t he voltage at the READ bus 

so that the diodes from the WRITE bus to the transformer have twice 

the READ bus voltage across themo They must also be able to carry the 

ful1 driver current and, in general$ as the forward current rating of 

diodes increasess the voltage ratings and reverse recovery characteris-, 

tics deteriorateo 

202 Direct Coupled Gates 

Transformer coupling is useful in vac;mlIn tube circuits" but 

it is not a necessary part of the selection system and certainly the 

losses and recovery time associated with transformers would not be 

missedo 

If a vacuum tube has zero bias, current can flow from plate 

to cathode if the plate is made positive, but until the breakdown 'voltage 

is reached, making the plate negative wjll not cause plate current to 

flow in the reverse directionG 

With a pnp transistor operated grounded-emitter and with 

current floWing out of the base~ current will flow out of the collector 

when it is made negativeo If the collector is made positiv'ep CUTI"ent 

will flow into it~3 For the same magnitude of voltage" the current will 

be higher for a negative collector unless the unit is s.ymmetrical and 

then the currents will be about equalo Use will be made of the bila'teral 

collector characteristics in the system described below to eliminate 

the pulse transfbrmero 

Some of the first attempts to drive memory cores with transis= 

tors incorporated gating and driving in one transistor7 Transistors 
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had to operate in their active region where dissipation was a serious 

limitation. To operate units in parallel to meet this dissipation 

requirement is not economical when gating and driving can be performed 

in separate units as it is in vacuum tube ~stems0 Olsen24 suggested 

using symmetrical transistors (normal current gain,o( n' equal to inverse 

current gain,\) Q I) as gates. The gate would be saturated so that 

collector current could flow in either direction and the collector 

voltage would be low, resulting in little power dissipationo The 

driver can use several transistors since only two READ drivers and two 

WRI'IE drivers are required for the complete memory as compated to 128 

gates for a 64 x 64 x 17 memoryo 

One end of each memor,y selection line will be connected to a 

transistor gate.. The other ends of the X lines will all go to a common 

X coordinate READ-WRITE bus and the Y lines will go to the Y coordinate 

READ-WRITE bus. Although Fig. 2 .. 3 shows the circuit for a single 

selection line with z pnp transistors an npn could be used as well. 

When the line is unselected~ the base-to-emitter voltage,\) Vbe,9 is a:t 

a positive level, VOFF~ resulting in zero base current, Ibo The 

collectar-to-emitter voltage, Vce~ swings positive and negative due to 

the voltage at the READ-WRITE bus, but the collector current, Ic.9 will 

be ~zero if the peak V ce' Vm.9 is less than V OFro When selected", Vbe 

drops to a slightly negative value and a base current, Ibl' flows 

saturating the transistor. ~n the READ generator is pulsed, current 

will now through the tranSistor" from either the collector=to=emitter 

or emitter-to-collector produCing only a small Vce due to sa~uration 

resistance of the transistaro If this line remains selected, the base 
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current remains constant and collector current will flow when the 

next interrogation of the memory is desired. When a different address 

is selected, Vb rises to a slightly positive value and the reverse 

base current, Ib251 removes the large charge of minority carriers that 

were stored in the base region" As the last of these carriers leave~ 

the base=to-emitter resistance increases and Vbe rises to VOFFo If 

the transistor were an npn instead of a pr1p, the base voltage and 

current would be reversed, but the operation of the remainder of the 

circuit would be unchangedo 

2~3 Modifications to Direct Coupled Circuit 

Although it is expected that suitable symmetrical transistors 

will be available, the same results can be obtained by connecting two 

transistors collecto:r~to~emitter, base-to=base, and emitter~to~collector" 

The dual unit acts a ~et:rical transistor23 with a high current for 

either direction of collector currento The dissipation will be divided 

between the two units so that the power rating per transistor could be 

lower" 

A combination of npn and pnp transistors would also 

provide the required gate action, but the opposite polarity of base 

drive required by the two types calls for dual sets of complementary 

input equipment" 

2~4 Driving Specifications 

The nominal value of collector current is ± 410 ma, but the 

transistor will be designed around a value of t 425 rna in order to 

take care of possible variations in the selection currentso With the 
" 

proper driving circuits practically any traJ1lsistor might be able to 
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perform the selection function but the 'necessary driving currents might 

well be larger than the current to be controlled as will be shown in 

Sec@ 501.L.TO keep the number of transistors in the driving circuit down 

to a reasonable level, a minimum grounded-emitter current gain (B) of 

10 will be required for a collector current of 425 rna in either 

direction" This means that normal alpha (o(n = ~) must be greater 
Ie I 

than 0.91 with Ic := 425 rna, and that inverted alpha (0(1 := --..!L) must 
Ic 

be greater than 0090 at Ie := 380 mao 

The base current should be as high as possible to decrease 

the turn~on time, slightly above ~ during the ON time, and as low as 
B 

possible just before the transistor is turned off~ An increase in base 

current may be achieved during the turn-on time by shunting the external 

base resistance with a capacitor0 Judging from same early experimental 

work, a minimum of 50 ma of base l'urrent can be expected during the 

first 1/2 ~sec after a gate is activatedo For the following calculations, 

it will be assumed that the base current can be controlled between the 

limits of 45 to 48 ma after the first ~sec of base current flowo 

A large reverse base current (Ib2 in Figo 203) reduces the 

effect of minority carrier storage 2.5,26,27 in the base region; 

moreover, a large Ib2 is essential in the above system to shut the 

transistor off on the required time.. This current will be supplied by 

connecting the base of the transistor to the OFF voltage through a low 

jmpedance pa tho 

The maximum voltage that will appear on any non-selected 

memory line is 64 x 17 x 0,,01 := 11 volts.. To insure that each line is 
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turned off, the input line to the transistor-gates will be held. at the 

OFF voltage (+ 15 volts). 

2.5.0 Transistor SpeCifications 

From the preceeding section S, the following requirements must 

be met by a suitable transistor: 

1. The transistor must have 0( n~Oo9l with 

Ic = 425 ma, and 0( I ~Oo90 with Ic = 425 Ma" 

2. It must be capable of dissipating the power 

associated with a continuous base current of 

48 rna and an output current of 425 rna occuring 

with a 50% duty factor" 

30 It must be ready to pass the output current 

1/2 ~sec after a 45 ma step or current is 

applied to the bases 

40 It must be able to withstand the back voltage 

1/2 ~sec after it has been shifted from a 

selected to a non-selected state. This re

quirement can be decreased to 1 ~sec if it 

would materially aid the transistor design. 

50 The turn-off must be accomplished with a 

maximum peak reverse base-current ~f 100 mae 

2.501 Voltage Ratings 

The sequence of voltages and currents to be applied to the 

transistor gate are shown in Fig. 1.5 for a pnp transistor. During the 

~ .condition, the base is held at VOFF' and both the emitt~r and 

collector are at ground potential. This means that the body breakdown 
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voltage 28,29 (VB' see Seco .3" 1 .. .30.3) for BOTH emitter am collector 

diodes must be greater than VOFFo When the READ-WRITE generator is 

activated a wsitive and negative peak in voltage occurs so that the 

maximum base-to-collector voltage, V cbt is VOFF + VM and the minimum 

collector boqy breakdown voltage (VEN)' must be greater than this 

value 0 The max:imum voltage difference between the collector and emitter 

is Vm; therefore, the min:imum punch through voltage 28,29 (Vp, see 

Seco~eljr.3 .. 2> must be greater than Vms 

2&$,,2A!Pha Cutoff Frequensr 

If a transistor-gate is changed from OFF to ON, it must be 

in saturation before the READ driver is turned on. If a transistor 

has a load resistor and a voltage connected to the collector as in 

Fig" 204, and a step of current is applied to the base, the transis

tor will be in saturation when there is an excess of minority carriers 

at the collector junction. During the time that the transistor is 

moving through the active region, the minority carriers are being drawn 

out of the collector so that the time to get the transistor saturated 

is slightly longer than if the collector were open-circuited& Thus if 

the equation for the loaded case is used, it will be slightly pessi

mistio .. The equations have been developed by'Ebers and Moll 30 for the 

active region and 1'101127 has extended the analysis to large signal 

operation. 

The turn-on time, ~O' as shown in Fig" 2.4 is for the rise 

from 10% to 9ryj, of the final value of current.. In the aboVe references 

1:p is calculated' as the time to go from zero to 90% of the final value 

of current.. In the system described above, it is mandatory that the 
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transistor be capable of carr,ying 100% of the final value of current 

"to seconds after the step of base current is appliedo Since the value 
I 

of current in the equations is rising above the circuits 100% value, 

it is possible to find the 100% value, and in fact, there is not too 

~ch difference in the value or "to and it results in a factor of 0 .. 9 

being left out of Moll's equation for "to" In the following equations 

"to is the complete turn-on, time, 0( n is the normal current gain when 

the transistor is operated grounded base, ~n is the frequency in 

cps at which Oln decreases to 0 .. 707 of its low frequency value, Ibl 

is the value of the step in base current and Ic is the value of the 

desired collector current .. 

"t = . 1 ln ......... _ .... 1 __ _ 
o 21rf'n(i ... Of'n} 1 _ Ic 1- Cl{n .. 

I~ O<n 

For a specified IIlaXmum allowable turn-on time" 

f . 1 . 
n ~ 2'ri't'0(~- OI'n} .. 

f'n will be determined by the minimum value of I~ during 

~~ ... on ~~ ~he maxm1.ml value of' Ic" The variation with 0( n is not 

.~~~~ate?-y . :,bV'ious because the quantity 1_lo(n is a max:imum. f'or the 

maximum 'Value of' o(n, unity, whUe the logarithmic term is zero at 

2 .. 2 

that point. Equation 2.2 is differentiated and set equal to zero in 
" - " ~~ 

~p'pe~~~.A, ~ut it is shown that there are no critical points of fn .. 

~._th~".:e~i~~ I~;!b1 _~C( n ~ 1. To findtbe value of fn at o(n =l.~ 
the limit must be taken because both the numerator and denominator go 
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to zero. 

lim (f)- 1m 
0(--1 n - cx .... l n n 

, 

a . ____ 1 __ _ 
-.-In 
oO(n I 1-0( 

1m (f)= 1 1 - fu ( oc Ii::) 
or'n .... 1 n 2rr 

A t o(n = IbJ.I; Ic ' the denominator of the logarithm goes to 

zero and the logarithm grows without limite Since the coefficient 

remains non-zero, fn must be infinite at this point .. 

The preceeding analysis indicates that for a given collector 

current, base current and turn on time, the minimum fn can be lower if 

0( .~ n is highero There is a lower limit on fn that is equal to .. 
2TI"tOIbl 

Ic 
at 0< n equal to 1] and as 0( n decreases to Ic + Ib J the minimum required 

fn increases without limit. 

The turn-off time27 Fig. 2 .. 4, is divided into two regions 

~.?rre~onding to the period. in which minority carriers are removed, 1:"1' 

and the period in which the base to collector voltage is recovering, 

1:"20 If collector current is flowing, then the storage time, "t1' will 



28 

be shorter for a given base current than it would be if the collector 

were open circuited.. Unfortunately, the latter is the case in the 

transistor switch since the memor,y may have been inactive, but the 

transistor switch will still have base current flowing and the switch 

will be saturatede The expression for ~l is: 

.. 

The subscript I refers to the inverted parameters and Ib2 is the 

reverse base currente If we substitute Ic = 0 and Ib2 = -NIbl then 

fn + fI In N + 1 _ 
~l = ----~----------- v 

fnfI (1 - ct n C(I) N 

The expression for "&'2 involves Ie again, but now it mst be left in 

the expression as it indicates the amount of collector current that 

would flow if the READ driver were activated. For the current to 

return to zero the expression is as follows: 

Ic = an I 
1 l-on b2 

1':2 = 2'lffn(l- Cil'n) In -----
_·.o(n Ib 

l-O(n 2 

The total turn-off time is "tJ. + "&'2 = "&'To 

]. 

c 2 .. 8 
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If the transistor is symmetrical, then the assumption that fn = fI 

is reasonable. The equation for the ~ is: 

Or, for a maximum turn-off time, 

1 
fn ~ 2mT 

+ 1 In 
l-ev'n 

2.11 

In this equation N is an important factoro The required fn may be 

determined from the turn-on time (equation 2 .. 2) and that particular fn 

may be used to indicate the required value of N" 

When the minimum turn-on base current 50 ma, the maximum 

collector current, 425 rna, and the maximum turn-on time, 0 .. 5 ~sec, are 

substituted into Equation 2.2, it becomes: 

fn ~ ~:~! In [. 1 ] " 
1 _ 8.5 (1-4" n) 

O(n 

2,,12 

A graph of fn (at the equality) vs o(n is shown in Fig. 205 .. 

~t ~dicates that thefn requirements could be reduced for units having 

~ oll1gher CX no but the maximum reduction would only be to 2,,7 mc at qn 

~~u~:':-_to unit! instead of 6 .. 7 me at q' n equal to 0. 91.. With a group 

of transistors made by a similar process, variations in o(n and f n -

will probably be caused by variations in the base width and an increase 
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in 0( will also be accompanied by an increase in fno No advantage n . 

will be gained from the above variation in the requ:irements on fn' 

so a minimum fn of 6.7 mc will be placed on the frequency responseo 

Use of the values for the max:ilT!.um IbJ. (48 mal, Ic (425 mal, 

and "tT (0.5 &J.sec) together with the min:imum values of 0( n (=0.909) 

and o(I (=0.90) reduces the expression for the min:imum allowable fn 

on turn-off (Equation 2.11) to: 

121 
fn ~ iT 1 _ (0,,909)(0 .. 90) In (1 + i) 

1 C' 425 (1 - 0.909) J 
+ 1 - 0 .. 909 In ,1 + 48 (0.909)N .. • 

This reduces to: 

This is plotted in Fig. 2.6 for the range of Nls that were 

encountered in some early tests.. With high frequency transistors Ib2 

is not a constant value, but rather a ramp function of current.. The 

rise time of the current is limited by the turn-on time of the 

tranSistor-gate level amplifier; nevertheless, an N of 2 is a conserva-

tive estimate of the peak of the lowest reverse base current to be 

expected.. Substituting in the original expression for fn (equation 2.11) 

N = 2, Ibl = 48, and Ic = 425, produc~s: 

r 425 (1- o(n~' 
L~ + 2 (48) o(n ZI & 2.15 

The max:imum value of fn occurs when 0( I is a maximum.. That 

substitution yields: 



8 

7 

6 

5 

fn 4 
mcs 

'T = 0.5 ,.,.SEC 

:till = 48 

Ie, = 425 

.an = 0.909 

2 

0 

f n = 

\ 

\ 
\ • , , 

"'-~ 
~ 

---
_ 2 3 

n 

I { I -a'.a, In(I-+~)+ _, 1'[1+ ',,(I-an)]} 
2.". 'T I-an n1blan 

a l = 0.9 Ib2 

fn 
m C s 

6 

5 

4 

3 

2 

o 

n=- -
1: bl 

F r G. 2." 

MINIMUM POSSIBLE fn 

VALUES OF n 

-', 

0.90 0.92 0.94 

an 

FOR PARTICULAR 
(TURN-OFF) , 

~ 

-~ 

0.96 0.98 1.0 

'T : O.5,.,.SEC { J} 
I cl = 425 tn = 1 2 1n(l+ *)+ ~ 1n [I+ICI(I-a n } 
l b,= 48 2.".TT 1- anal I an nlb,lln 

n = 2 

0]::0.95 • 

FIG. 2.7 

MINIMUM POSSIBLE 

VALUES OF 
fn FOR PARTICULAR 

an (TURN -OF,F) 



33 

2.16 

This is plotted in Fig~ 2.7 and indicates that the transistor 

mst have a higher fn if 0( n is higher, but there is not a large 

c~nge in fn for 00909 ~ o(n ~ 0.,990 This range of fn's, 3.1 to 5 .. 5 

mc, also falls below the minimum fn as determined by the turn-on time 

restriction. Thus no restriction is necessary on the maximum c(n if 

N = 2 can be satisfied and the base currents fall wi thin the required 

limits .. 

2.5.3· Saturation Currents 

The collector-to-base saturation current (Ico' collector 

current with emitter open-circuited) and the emitter-to-base satu

ration current (leo' emitter current with collector open-circuited) 

must be low to prevent erroneous operation of the memory. Errors can 

occur if there is too mch current on one or more of the non-selected 

lines as there will be partial switching of the word at the inter-

section of this particular non-selected line and the selected line on 

the other coordinate.. If the driving current s were adjusted for 410 rna 

of dn ve on each coordinate, then one line could have up to 20 :rna of 

leakage current without affecting the disturbed word.. This would 

leave 390 rna of drive for the selected line and as a result on the 

READ operation the ONE signals would peak later than normal because 

the cores received too little excitation.. Since the STROBE pulse 

comes at a fixed time, reducing the drive would eventually cause ONE's 

to be read as ZERO's.. Since there are 63 non-selected lines tied to 

the READ-WRITE bus, as little as 300 pampa on each line adds up to 20 ma 
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lost on the selected lineo Whether or not a memory can operate with 

a 5% variation in the switching currents depends on the uniformity of 

cores and the operating margins in the sensing amplifiers, but 5% 

seems to be in line with present system limitse The most critical 

point comes when the READ-WRITE bus is of the opposite polarity from 

the base voltageo In the system being designed, the maximum is 26 

volts 0 With larger memories this value increases proportionally so 

that for a 256 x 256 x 38 memory3l the maximum voltage would be about 

200 volts .. 

The above voltage and current ratings apply to the collector-

to-base junction.. The emitter-to-base junction has the constant VOFF 

applied and as long as the voltage at the base re4ta.ins at VOW the 

memory operation is not affected. Limits on leo will be based on the 

size of the power supply for VOFF but a value of 150 pamps at 15 volts 

is consistent with the collector rating .. 

20504 Collector Capacity 

The collector capacitance has not yet been considered but it 

undoubtedly is very important~ Besides varying with the junction area 

and the resistivity of the base material, the capacity also varies 

inversely as the square-root of the applied voltage72 In the above 

system the collector capacity will vary over at least a 3:1 ratio and 

analysis becomes difficult. The important quantity is the current on 

the selected line and for a given rise and fall time of this current, 

the voltage at the READ-wRITE bus is completely determined. If the 

current that this voltage causes to now through the non-selected 

lines is added to the READ-WRITE current generators then the correct 
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current will flow on the selected 1ineo 

To get an idea of the magnitude of current involved, a 

collector capacitance of 50 ~d will be assumed as the worst case. 

Referring to Fig~ 165, the fastest voltage change that is taking place 

is about 10 volts per 0.1 psece This will cause 5 rna to flaw through 

the above capacity and the generator would have to put out 315 ma for 

the OFF transistors a1oneo 

The critical point in the operation occurs when the polarity 

of voltage is such that the junction potential on the OFF transistors 

is low for then the capacity is high. Any time that the junction 

voltage is decreaSing and the generator current is increasing, the 

capacity is supplying current to the circuit and the current generators 

have less to supply_ When the junction voltage increases the generators 

must supply more current or the current in t he selected line will take 

longer to risee When the current generators are turned off, the current 

must also be adjusted to prevent the capacity from determining the fall 

time of the currente It is general practice in the memories using 

vacuum-tube selection to place damping resistors across the selection 

lines to prevent ringing and this represents another current that the 

generator must supp1yo 
waveform 

The opt:ilnU1fl vo1tagej\at the selected line will be one :in which 

all changes in voltage such that the junction capacity is being charged) 

take place slowl~ and all changes that take place such that the capacity 

~s discharging, take place quickly_ This change will undoubtedly take 

place automatically due to the limitations of the current generator so 

The effect on the memory' operation will be that the noise on the sensing 
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winding during the rise and fall of the currents will be higher in 

an:plitude,but will be shorter in duration" 

No definite limits will be placed on the capacity, but the 

area of the collector and emitter junctions should be kept as small as 

other factors will allow. 

2.6 Summary: 

The circuit must perform as follows: 

Ao Supply a minimum of 50 ma to turn on the transis

tor switch .. 

B.. Maintain that current within the limits of 45 and 

48 ma as long as that address is selected. 

C.. Supply a min:imum of 100 ma peak reverse base 

current to turn off the transistor switch~ 

Do Hold all OFF transistor bases at +15 volts .. 

The transistor switch must have the following characteristics: 

A. Alpha normal,ctn~0 .. 909 with Ic == 425 ma .. 

Be Alpha inverted, 0( I ?Oe 90 with Ie == 425 mae 

C. Alpha cut-off freq, fn,:;.. 6.7 mc 

D.. Punch through voltage, Vp? 15 V .. 

Eo Boqy breakdown voltage, collector junction" 

V~~ 35 Vo 

Fe Body breakdown voltage, emitter junction, 

VBI ';' 20 V. 

Go Collector saturation current, Ico" 300 &J.a at 

Vc == 30 Vo 

H. l!lnitter saturation current, leo '150 &J.a at Ve==15 V .. 



3.0 Introduction 

CHAPl'ER III 

TRANSISTOR DESIGN 

ihen a circuit has been designed on paper there is always the 

problem of finding real components to perform the assigned tasks. Tran-

sistors do not differ much from vacuum tubes in this respect since for 

both devices the maximum power to be dissipated, maximum current, maximum 

voltage, maximum frequency of operation, and desired reliability must be 

fitted into existing devices. As with vacuum tubes~3 there are theoretical 

relationships that enable the interested transistor designe~2 to determine 

if he is asking too much of the transistor or if it is merely technical 

difficulties that are holding back the necessary device. The transistor 

ratings will be discussed first and the design of a suitable transistor 

will be attempted •. 

3.1.0 Ratings of Transistors 

Transistors have certain maximnm ratings that must not be 

exceeded if the unit is to function properly; moreover, as opposed to 

vacuum tubes where the ratings may be exceeded for a short period of time 

with no immediate damage$ the nature of the transistor is such that ex

ceeding the maximum ratings even momentarily may result in catastrophic 

failure of the unit. It is, therefore, important to understand the nature 

and reason for the maximam ratings. 

3.1.1 Maz~ Power Dissipation 

In the manufacturing process of alloyed-junction germanium , 

tranSistors, one of the steps involves heating the transistor so that 

impurities diffuse into the·· block of germanium. The regions infected 
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with the impurities become the emitter and collector of the transistoro 

If the heating process continues too long, or if the transistor is re-

heated due to over-dissipation in the circuit, the diffus~on continues 
I 

until the region between the emitter and collector (the base) ceases to 

exist, and the emitter-to-collector impedance decreases to a very low 
. 

value. The unit is then said to have alloyed-through or punched-through 

and is no longer a transistor. 

Unpublished life test data has shown that while units stored 

at loooC remained in operating condition, units operated with internal 

dissipation to bring the junction temperature up to 1000 and still have 

reverse bias on the collector junction, failed in a short time from the 

diffusion effect. The te~perature and dissipation were quite a bit 

higher in the tests than the manufacturer's rating, however the tests 

point out the extreme undesirability of operating at elevated temperatureso 

The maximum power rating should not let the temperature of the 

junction approach the point at which diffusion starts, and will be based 

on the thermal conductivity of the surrounding media. If one of the 

elements of the transistor is connected thermally to the case of the 

transistor, the dissipation can be increased; and if in addition the 

case is connected to a heat sink, the dissipation can be increased furthere 

In circuits that operate in the active region of the transistor 

with current flow and relatively high bias voltages, the dissipation at 

a~ point on the load line must be within the manufacturer1s ratings. The 

junction temperature will then be below the maximum permissible value, 

and the circuit operation will be stable. In transistor-gate level 

amplifiers, where operation switches between high voltage with little 

current, and little voltage with high current, the load line may pass 
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through a region that exceeds the maximum dissipationo Due to the short 

time in this region, the average power dissipation will be small and must 

be less than the maximum rated dissipation. A condition may arise in 

which the transistor operation will move into the region of excessive 

dissipation by a process known as thermal runaway'.34,35 If the ambient 

temperature should increase, or if the sequence of circuit operations 

should happen to be such that the temperature of the junction increases" 

there will be an increase in the off condition current because the leakage 

current, Ico' in germanium, doubles for each 100C increase in junction 

temperature. The increased current causes additional dissipation which 

increases the temperature~ The temperature increase, in turn, increases 

the leakage current and also the heat carried away from the junction. 

When the heat carried away equals the total dissipation, then the temper-

ature stops rising and a new stable point has been reached. It is possible 

that before a stable point is reached, the temperature of the junction 

will become high enough to cause permanent damage to the transi$tpr. 

Transistors that might possibly operate olose to the maximum dissipation 

rating should be provided with adequate heat sinks if stable operation is 

to be expeoted., 

3.1.2 Maximum Current 

The current gain of all triansist~rs decreases at high currents,9 

and so a limitation may be placed on the ourrent in order to realize a 

usable gain at the maximum current and also to have a more uniform 

current gain from zero current to the upper limit~36,37 
If the input ourrent to a transistor is increased to the point 

where the external circuitry determines the output current, then the 

transistor is said to be in saturation. The impedance from the output 
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terminal of the transistor to ground will be low, and the voltage drop will be 

small. The maximum output current is that which causes the voltage drop 

across this impedance to increase the transistor dissipation to the maximum 

allowable value.. This value of current will probably re higher for a 

particular unit than the published value, since the saturation voltage 

may vary from unit to unit, and the ratings are based on the highest 

expected value.. Another limit that might be reached is the maximum 

current carrying capacity of the wire. It is common in low powertran

sistors to make connections to the emitter and collector with wire a few 

mils in diameter, so that high current densities would result with fifty 

ma· of current.. The effect of the fine w.ire would also show up in the 

minimum impedance when the transistor is saturated. 

The maximum current limit then appears to be less of an absolute 

maximum rating and more of a suggested maximum, although the physical 

construction of the transistor should be investigated before using very 

large currents. 

3.1.3 Maximum Voltage Ratings 

There are three phenomena involved in the maximum voltage ratings. 

These are discussed below. 

30103.1 Surface Effects38 

The undesirable actions taking place on the surface of germanium 

are not well defined, contribute little to transistor operation and result 

in lower voltage ratings and perhaps shorter life of the transistors.. In 

the interior of the transistor, atoms are arranged in a diamond lattice, 

and, except for the impurity atoms, al1 the covalent bonds are complete. 

At the surface the exact structure is quite complex, but there are strong 

forces due to the unsatisfied bonds in the crystal structure. In some 



work performed at Philco Corporation for Lincoln Laboratory, it has been 
... . , 

found that encapsulation in a medium containing dry oxygen prevented the 

surface of p type germanium from changing to n type.. Water vapor has a 

very strong effect on the surface potential, and it accounts for the 

difficulties encountered in early transistors not hermetically sealed. 

The anomalies generally observed when surface effects are 

present are sharp changes in the dynamic collector resistance bef~re the 

breakdown voltage is reached o Hysteresis is often seen when the character-
.- . 

istics are displayed on an osoilloscope. The resistance along the surface 

is generally high, which accounts for the sharp change in collector 

resistance rather than a sudden change to zero or a gradual change. It 

has been observed that app~ing high voltage and current to some or the 

units that have poor charaoteristics at lower levels will oause the 

c~aracteristics to resume a more normal position so that the anomalies 

are no ~onger observed. How permanent the change is is not known, but a 

heat cycle is a part or the manufacturing process of some, if not all~ 

transistor manufacturersl 

;'.1'.;.2 Punch-Through Etfec!29,;2 

When the collector-to-base junction is reverse biased, the 

potential is dropped across a volume in which all the minority carriers 

have been removedJ leaving a space-charge region. The width or this 

region is determined by the density of impurities and by the applied 

voltage 0 .An example of a pn junction reverse biased is shown in Fig. .3 •. 10 

If the region should become large enough so that the emitter-to-base 

junction is broached, then the emitter potential will follow a~ further 

increases in the collector potential. The voltage at which this occurs 

is known as the punch-through voltage J V p' and it aD1' higher potentials 
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are applied to the collector, the current will be determined by the ex= 

ternal resistance in the emitter or collectoro 

An exception to this can occur if the emitter junction is also 

reverse biased. The space-charge region may then extend completely across 

the base and there will be no current flow until the difference between 

the emitter and collector bias voltage equals Vp. When the emitter is 

reverse biased, the field problem becomes three dimensional, as the space-

charge region then extends past the edges of the emitter and collector 

junctions into the base tab. Although an analytic solution was not 

attempted, the surface in Fig. 3.2 indicates in a general manner the 

variation of potential across a section through the base, emitter, and 

rollector. The two lowest edges represent the potential at the emitter 

and collector. 

Fig. 3.3 shows a plot of emitter current vs. collector voltage 

for three cases: emitter with zero bias, emitter bias less than V , and 
p 

emitter bias greater than V 0 A similar situation to the last case arises 
p . 

in the transistor gate in which the emitter has a large reverse bias. 

The collector potential varies about this same point, and from the above 

Fig. 3.3, the peak to peak collector swing could approach twice V if the p 

emitter bias was equal to V. Here is a case in which the collector-to
p 

base voltage exceeds V by a factor of almost two and circuit operation 
. p 

is normal. Note that the collector-to-emitter voltage is always less 

than V .. 
P 

3.1.3.3 Avalanche Effect28,32,39,40 

A carrier entering the space-charge region will be accelerated 

toward the opposite side of the junction, and it is possible t~t there 

may be collisions between the carrier and valence electrons. It the total 
~, 
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potential drop is 10 volts and there are no collisions, the carrier will 

have an energy of 10 ev when it reaches the opposite side; however, the 

ionization energy of valence band electrons is only 0&75 evand several 

may be produced by the original carrier. The low-voltage current-gain, 

0.0 , will be increased by this multiplication (M) at the collector 

junction, and the voltage at which o.OM equals unity is the avalanche 

voltage (VA). It is the maximum operating voltage if the .transistoris 

operated grounded-emitter. A surface has been drawn in Fig. 3.4 that 

represents the variation of noM with collector voltage and collector 

current. The plane ~ M=l is shown intersecting the surface and grounded-

emitter operation must remain below this plane. 

If the voltage is increased further, M will keep increasing 

until at the body breakdown voltage (VB).$" M ~pproaches infinity;, this is 

the maximum grounded-base operating voltage. With a narrow base, the 

punch-through effect, rather than the avalanche effect, might be the 

limiting voltage rating for grounded-base or even for grounded-emitter 

operation, as is common in very-narrow-base surface-barrier transistors. 

The applied voltage in a circuit must be lower than the break-

down voltage by at least a few volts. However, the transistor manufacturer 

must set the maximum ratings, such that the transistor with the lowest V , 
. P 

VA or VB will not fail with the stated voltage applied. Most of the units 

will have their breakdown voltages quite a bit higher than the ratings, 

and if a higher rating is desirable for a particular application, it is 

possible to select some units having higher ratings. The circuit designer 

prefers to work with stock items. Transistor selection means that the 

circuit design does not have a sufficiently wide margin of operation or 

that the manufacturer does not have complete control over the manufacturing 

process. 
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302 Construction Limits 

3.2.0 Introduction 

There are several theoretical relationships that relate the 

maximum alpha, the minimum alpha cut off frequency, and the voltage ratings 

to the base resistivity (Pb) and base width (Wb). Ebers and Stevens have 

collected the latest data, and it is presented in an excellent manner in 

their pape~2 The technique can be used to find a region in which sat is-

factory transistors can be produced, or to rind out if a certain design 
~ ... 

requires a transistor that cannot be made with the alloy process. As 

mentioned in Sec. 3 0 1.3 .. 1, surface effects may reduce the predicted 

maximum voltage ratings; therefore, the results of this section will only 

reflect the internal phenomenon of the transistor. 

The variation in the d-c current gain3,6 B-i: fvce' from unit to 

unit and with increasing currents is unpredictable;: however, at high 

currents there is less gain variation within a group of transistors than 

there is at lower currents. For example, a group of transistors had a 

current gain at 1 rna ranging from 26 to 100, while at 400 rna the variation 

was from 10 to 20. Using this as a guide, the high current alpha specifi~ 

cation, On ,0.909, can be translated into the range 0 .. 95~n~o99 at low 

collector currents 0 This allows P b and Wb to be determ~d and does not 

represent a restriction on the a. of the actual transistor. The a. at the 

high currents does represent the restriction. 

Although there is no way to relate surface phenomenon to bo~ 

bre~~own voltage (VB' Sec. 3,,1.3 .. 3) and to avalanche voltage (VA:' Sec .. 

3.1.3.3) an analysis ,can be based on a value of V,l!.. equal to the maximum 

emitter-to-collector voltage plus a safety factor. Twenty volts seem 

reasonable for this figure in view of the fact that the maximum emitt6r-
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to=collector voltage is 11 volts, and the maximum base-to-collector 

voltage is 26 volts~ 

3.2.1 Maximum Base Width 

Transistor action is based on the diffusion of minority carriers 

across the base region to the collector junctiono A wider base (Wfb) 

lengthens the diffusion time and reduces the alpha cut off frequency (fn) & 

The equation for f has been derived in several references5,4l and is 
n 

f = W. D (D is the diffusion coefficient). Because D varies 
n 1f b2 

slightly with resistivity, p, it has been plotted in Fig. 365 as A, where 

A 
f n= ~2 ' ~ is in mils and fn is in mc, for both pnp and npn tran~ 

sistors. The approximate 2:1 ratio between the curves follows from the 

2gl ratio in the mobility of electrons and )10les~2 

Using the relation Wb=J~! with fn equal to the minimum value 
.. . ( n 

given in section 2 0 5.2, (6.7 mc) and using the curves in Fig. 305 for A, 

the maximum base width VB. base resistivity has been plotted in Fig. 306 

for pnp and in Fig. 3.7 for npn germanium transistors" 

3.2.2 Minimum Base Resistivi5r 

The reverse current of a pn junction is ~elatively constant at 

I , the saturation current, as the bias is varied from a few tenths of a s 

volt to the body breakdown voltage, VB. The body breakdown is an avalanche 

process28 in which carriers multiply in a manner analogous to ionization 

in a Townsend gaseous discharge. The value of the breakdown voltage is 

determined by the region having the smaller space charge density, and as 

a result most of the potential drop is as shown in Fig. 3.1. This sketch 

is exaggerated in that the high impurity region may have 104 more impurity 

centers (NI) than the low impurity-center region, rather than 101 as 

indicated. There is a 2:1 ratio in NI between p and n tyPe material 



4 

-.-
E 

11'1 
t..) 

E 
C .-
.. 3 

<t ... 
r 
z 
w -u -
I.L 
LL 
W 
0 2 u 

z • 0 -
(f) 

::::> 
I.L 
LL -
0 

.. 
-~l 

175 

n 
~-----4----+-~------~~~--~-----~\ 150> 

0.725 
Vb: I06.Sp 
PNP 

Vb: 61.SpO.725 

NPN 

"-, 

IJ.J 
(!) 

'ct 

125 ~ 
o 
> 

A,PNP z 
r-~~~------~-------+------+------~ IOO~ o 

" 

2 3 4 
RES 1ST I V I TY, Pb,..f'L- em 

FIG. 3.5 
• 

a 
~ 

<t 

75 w , 0:: 
CD 

>c 
50 0 

I.D 

25 

o 
5 

DIFFUSION. COEFFICIENT AND BODY BREAj<DOWN 

VOLTAGE'VS BASE RESISTIVITY FOR GERMANIUM 
• 

" 



A-64.~5 

1.06 r------,------y-----------------r-----, 0.6 ----.6.05 

MAXIMUM BASE WIDTH 

Wb=-/A. f n =6.7mcs 
fn a 

z 
1.051-----+-..,..,~~,....".."""-----,~--------+-----+------I 0.5 -~ 8.71 0 

o 
N 

~ .. 
(/) 

I
..J 
o 1.041---4- I-> (J) 

MINIMliM BASE WIDTH a 
SPAC.E CHARGE WIDTH,W s2o 

.. 

en 
A----=----+----+------..,...tC~--__I 0.4 = -

E 
c: o ~I 

: 0:1 ~ 
<t • ~1_~~~~~--~r'~--------~--~~-------4 ~ . 1.03....--.... 0.3 :r"-
oz· ~f V" 1-0 '- Ws ce =bj2Kco}J-n VcePb 

~ ::EI K = 16 ~ 
u Eo: 8.854 X10- 12 

w 

13.6 

u 
w 
CJ) 

a::: 
w 
0... 

CJ) 

~'E 
u 0 
>- I 
u ~ 

24.2 ~ -
W II 

~Cl-. 

z I
_<t 

..J 1.021------t---1--+-:rI'------I------I 11. - 0 3 6 me ter 2 
Q. . ,n-. volt-sec. 0.2 ~ - 54.5:r 

CD t-

-

I- Vee =20 volts 
..J b= 3.9x 10 4 

o 

::l 
::EPbin.n..:-cm,Ws in mils w 

1.011--"--#------4---1------4----+------...-----......-----1 0.1 ---I 21 5 CJ) 
<t 
CD 

1.00 L-___ -'-___ --I ______ ~ ____ __'_ ____ ..... ___ .... 0 ----' 

o 2 3 4 5 6 
BAS E RES I ST I V I T Y , Pb, i no h m - c m 

~ IG. ~.6 

L·I M ITS ON BASE RESISTIVITY AND BASE WIDTH FOR 
-

t"'-\ .. I ..... " ....... &. • fIt. ........ ... 



A-64903 

," 

o 
N 

~ .. 
en 
..... 
-I 

1.06 

1.05 

o 1.04 
> 
o 
C\J 

1.03 z 
o 
1-
<t 
U 

-I 1.02 
0.. 

..... 
-I 
::> 
~ 

1.01 

, 1.00 

I 
I-

MAXIMUM BASE' WIDTH 

Wb=,jA 
I fn 

fn = 6.7 mes 

-I!"""'"': 

i .A'""'" 
r-WsVe~= b.j2KEof' p Vce Pb I ~ _ 

I> ~~« 
K = 16 . 

-12 Eo = 8. 854 x I 0 ' 

'~-v. SA FE/j ~ fL -0 17 meter 2 
p -. volt-sec. I U) vDESIGN/ Vee =20 volts 

1 ~ ~REGION-;; b = 3.9 X 10 4 

"" 

I~~ Pb in..n...-em,Wsin mils 

.::> MINIMUM BASE WIDTH a 
I~ 

SPACE CHARGE WIDTH W 20, 

IZ' ' s -- ~ -- ...... • 

M 
.~ . 

~ . 
MVce 1+ 1.8 x LQ-lIv:f -4.S5 

r--... 'Vee 20 I J 

1.00-----.4.33 

o 
z 

0.80---16.770 
u 
w 
en 

a:: 
w 

I/) , Cl.. 

0.60=- 12.0 
E en 

w 
c: -I E 
• u u 

.0 >- I 
3: U G 

0.40i"- 27.0~ -
..... w II 

o ~Q... 

w 
0.20 ~=-- 108 I 

m 't-

0.10---1 

o 

o 
3: 

w 
en
<t 
!Xl 

o 2 • 3 4 5 6 
8 A S ERE SIS T I V IT Y , Pb, in 0 h m - em 

. FIG. 3.1 
LIMITS ON BASE RESISTIVITY AND BASE WIDTH FOR 

NPN GERMANIUM TRAN~IC:Tnc~ 

• 



53 

having the same resistivitY9 however, the base NI is always much lower 

than either the collector or emitter NI in alloyed-junction germanium 

transistors, so that most of the potential drop takes place in the base 

region, independent of whether the transistor is pnp or npn. 

S .. L. MilJer28 has found that in germanium VB = 1.14 x 1013 

(NI) -0. 725·. The relation between NI and p is NI = 1 - {J where e is the 
eup 

electronic charge and u is the majority carrier mobilityo For n type 

germanium this becomes NI = 1.6 x 1015 p~l, and for p type germanium it 

is NI = 3.4 x 1015 p-l when the proper values are substituted in the 

equation p is in ..Il.cm.. These two relationships lead to VB=10608po .. 725 

for n type germanium and VB=61'o8po.725 for p type germanium·" 

Miller also derived the relationship that MV- i from 
l_(_)n 

experimental data in which MV is the multiplication at theV~unction with 

V volts applied, and n depends on the type of material on the high resis= 

tivity side of the junction. Using the above equations for VB and making 

V (V) n V ~5 3 -2 175 the approximation M =l+~' produces M =1+8021 x 10 V p 0 ~or n type 
B . 

germanium (n=3) and MV=1=1.8 x 10-11y6 P -4,,35 for p type germanium (n=6). 

These two expressions are plotted in Figs 0 306 and 3.7 for V equal to 20 

volts. The exponent n is not well defined because Miller has listed only 

seven points for which n was determined. The values used were those he 

found at Pb=2.rL-cm. 

To use the curves, the maximum value of Cl must be known since 

avalanche occurs when aM goes to unity or M=~. For a given value of M, a. 
the value of P'b can be found that will produce this multiplication with 

the application of the specified maximum vo1tageo A lower value of Pb 

produces a higher M so that this point determines the minimum resistivity 

of the base region. With a maximum a:. of 0.99, M cannot exc~ed 1.01. 
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The minimum value of Pb corresponding to this value of M and a volta.ge of 

twenty volts is, from Fig .. 306, 0 .. 84J1.-cm for n type germanium (pnp tran

sistor) and, from Fig .. 307.9 O .. 6lJ1-cm for p type germanium (npn transistor) .. 

In each case a value of Pb larger than these values is satisfactory as far 

as the avalanche voltage rating is concerned .. 

30203 Minimum Base Width and M~imum Resistivity 

As was discussed in Section 301.302, applying a voltage between 

collector and either the base or the emitter so as to reverse bias the 

collector junction results in a decrease in the space-charge-free region 

of the base between the collector and emitter.. Corresponding to a max-

imum collector-to-emitter voltage, V j and a certain base resistivity.9 ce 

Pb' the space charge region will extend into the base a distance$ Wac 

which is equal to J2KeoPb'tlVce' where ICeo is the dielectric constanto For 
. -2 --

a pnp germanium transistor this reduc7s to Wsc=3.98 x 10 J~\lce$; and 

for an npn germanium transistor Wsc=2 073 x 10q,2JPbVcej p in...n.-cmj V in 

volts in each equa~ion.. With Vce equal to 20 volts, the two curves are 

plotted in Figs .. 3.6 and 307. The curves represent the maximum width of 

the space-charge region with the given Vce " The minimum base width, WbJ 

must be greater than shown on this curve at any value of Ph" 

302 .. 4 Desigq Center 

From the information as plotted in Fig" 3 06 and Fig.. 3.. 7, it 

is evident that design restrictions are less severe for an npn transistor 

than for a pnp transistor.. In either case, the possible region of opera-

tion appears broader than is necessary for the present application .. 

Several other factors which have not yet been considered will indicate 

the most desirable region. 

When the equation for the variation of current gain with 
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increasing current is expressed in terms of Wb and Pb16 it turns out to 

be desirable to keep the base width as small as possible and the base 

resistivity as high as possible o. However.\> a high resistivity would con'~ 

tribute to an increased power dissipation in the region between the 

junctions and the external base leado Part of the problem then must be 

resolved by the transistor designer who can exchange low dissipation for 

a higher base resistivity in order to prevent the high current gain from 

decreasing too severely. 

The Vp rating of the transistor de'termines the absolute mintmum 

Wbo For if the space=charge region at the collector-to-base junction 

extends to the closest point of the emitter-to-base junction,3 the transist,or 

will cease to function properlyo The minimum fn determines the maximum 

Wb, but if all of the diffusion paths are not the same length, the average 

rather than the minimum Wb will determine fn" If the junction is not flat} 

the average Wb might be twice the minimum;9 and the danger of punch through 

will be higher or f will be lower than with a flat junctiono n 

With jet etching techniques~3 flat junctions only a few tenths 

of a mil thick can be produced with good control of the actual spacing u 

Large area. junctions have not been produced by this method although there 

seems to be no fundamental reason why the technique cannot be similarly 

applied 0 Jet etching appears to be the only reliable technique commercial!.v 

available for producing narrow base pnp transistors o An associated 

problem is designing the junction shape so that the center portion of 

the transistor is not biased into cut off by a concentration of' current 

on the edge of the junctione A higher base resistivity would tend to 

make this condition more critical, but there are some construction 

techniques that avoid this trouble entire1Y~ 
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Although there could be some changes i~ the actual P band Wb.9 

the regions marked off in Fig o 30 6 and in Figo 307 are satisfactory for 

meeting the requirements of V , VA and f" For a pnp the region is as 
p n 

follows: 

For a npn transistor: 

I ~ Pb ~2..11:-cm , 

o 03 ~Wb ~O..5 mils. 

I~Pb~~cm , 

O.2~Wb~Oo5 mils. 
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CHAPTER IV 

TRANSISTOR-GATE LEVEL AMPLIFIER 

40 0 Introduction 

The characteristics of the transistor gate must be known before 

its level amplifier can be designed; nevertheless, the design of the 

transistor is influenced greatly by the ability of the level amplifier 

to turn the transistor-gate on and off in short intervals of time o The 

values of base current specified in SeCo 204 were based on experience 

with early experimental level amplifiers and also with transistors that 

did not qualify for the gating operation because of one fault or anothero 

Larger amplitudes of current could be produced but they are not necessary 

if the transistor can be built to the specifications in Seco 3020 

A design of a transistor-gate level amplifier is included in 

the next few sections beginning with the output from a memory-address-

register and including the necessary signal to the input of the transistor= 

gate. 

401 Memory Address Register45 

A transistor memory address register (MAR) has been in opera-

tion for some time at Lincoln Laboratory utilizing the surface barrier 

transistor for high speed ope ration 0 The circuit for one flip-flop is 

shown in Fig. 401 and there will be as many flip-flops in the MAR as 

there are binary numbers in the address of the word in the memory, ioe o 

2n selection lines require n flip-flopso . 

Each flip-flop has two output lines, one being high when the 

other is low. One state corresponds to a ZERO address and the opposite 

to a ONE address. When an output line is in the low state, an emitter 
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fc110we r (Qe) clamps the voltage to t>he =3 volt supply" The output 

i,'·' .:.11 thLs caBe .. '.G very low., WILen a line switches to the high 

state 31 a saturated grounded =emitter (QIO) clamps the output line to 

ground., This in itsel_f is not enougb to cause fast switc.hing in sub-

.. " ." h6 . 
,i3 IElquent stages but the technique of posltlve blas can be used to give 

a swing to a positive voltage instead. ofLo ~ze:r0 voltage., 

40(' .. 0 Transistor Matrix 

Th 1 h7 f be. "" t" d ' d t t 0 1 ere are severa . ways o· 0 '(,a~n111g >11e e Slre ou' pu s1gna 

from the input levels2' the only necessary item is a de.rice to encode the 

bina:r'Y inputs to a single If)vel outputn A .resistance matrix48is 

impracti.cal for any appreciable number of input lines and, as a result~ 

t I.e :J. 0 d ~ 0 16 ~ 49-.. b tl " d'" d' d ' < t 1 ~,Ile (l.O e mal;,r~x " 11a8 een . 18 ma1.n eneo lng aeVlce use. ln .1gl. a . 

computers 0 The diode matrix ITmst, operatl3 with large swings in voltage 

to make the one=half to one volt forward-current voltage-drop across the 

diodes appear small when compared to!.:.he total voltage swingo If the low 

levels from the MAR were amplifted~ a diode matrix would suffic8 j but it 

seems desIrable to const::ruct a matrix wherein the amplifica= 

tion can take place at the same tlmethe encoding process is being formed .. 

Po J o Griffith has developed several transisto!'=matrix circuits 

in preparation47for a Master~s thesis at the Massachusetts Institute of 

Technology and the circuit using the least number of transistors is 

described below G Once the logical operation has been determined from the 

available circuits.:; the circuit designer must determine which devices and 

components to use to perform the required operationo This has been done 

in the second section for the case of a pnp transistor-gate e If the 

transistor-gate had been an npn transistor.:; the output voltage swing would 



have been different but the input the same~ The inverter, described 

below, would be on the opposite control lines" 

40201 Transistor-Matrix Logical Operation 

If the address of the memory is an m-bit binary word, the input 

to X coordinate selection system will be a ; = n-bit binary wordo 

(The Y coordinate selection system is a duplicate of the X system from 

this point on). The two level outputs of the flip-flop described in 

Sec. 401 are the n inputs to a system described by Griffitht and shown 

in Fig" 4.20 The n inputs are divided into two groups of ~ pairs of 

lines, and each group is fed into a set of OR gates. The property of an 

OR gate in this application is that the output is low if any of its ¥ 
input lines is low, (but due to the inversion of the grounded =emitter 

stage, the output is high if either input line is low) 0 The inputs in 

Fig" 402 are the vertical lines from the MAR to the bases of the tran= 

sistors labeled Ql and Q2" The output lines are from the collectors of 

the same two groups of transistors" One output line in each group will n 

be at a low level and the other 2~- 1 lines will be at a high level" 

The information from the two OR gates is now fed to an AND gate9 0 

The AND gate is characterized by the fact that the output is low when 

(for an npn transistor) the base is high and the emitter is lowo Under 

all other conditions it is higho Only one of the n2 base lines on the 

Q4 transistors should be high at a given time o At the intersection of 

this line with the one low emitter line is the selected AND gate with its 

low output" All the other -f1- 1 AND gates will have high outputs 0 Since 

t Private communication. 

( '.) 
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the output of the OR gate is one low line and all the other lines high, 

it is of the correct polarity to drive the emitters of the AND gateso 

The signal from the OR gates to the bases must be inverted to keep one 

line high and all the other lines lowo 

40202 Transistor-Matrix Design 

The matrix described above is logically designed for the 

polarity of output necessary to drive the transistor-gateo The actual 

value of that voltage swing will be controlled by the matrix, and so a 

knowledge of the signal desired at the transistor-gate is necessary 

before the matrix design can proceedo The positive voltage has been 

specified in SeCo 2.4 as VOFF= + l5vo The negative value of the base 

voltage may vary slightly from unit to unit, but the important parameter 

is the base current which should be ~pt very close to the design value 

(45-48 rna); for this reason, a current source is desirable in the base 

circuit 0 The input voltage swing will be negative and the current can 

be adjusted by selecting the correct value of resistanceo The larger 

this voltage,the more independent of variations in transistors will be 

the base current; however, the necessary voltage ratings on the preceding 

transistors becomes prohibitively high. It is desired to control the 

base current to within 5 per cent with an expected variation in base 

voltage of 0 0 4 V to 0 0 6 V. A resistor connected to a 405 volt supply 

will give about a 5 per cent variation in current with the given varia

tion in base voltage and this value of supply voltage does not increase 

transistor ratings excessivelyo The desired output swing is from + 15 V 

to - 405 v: 
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The value of current in Q2 must be determined from a knowledge 

of the expected variation in current gain of Q2' the maximum current 

rating of Q2' and the maximum allowable base drive to Q20 The tran

sistor used for Q2' the 2N136, has no specified range of current gain, 

but a test of 29 transistors at 1 rna of collector current produced 18 

units that had a grounded emitter current gain, B, in the range from 30 

to 60. The maximum current rating is 50 ma, but a collector current o£ 

20 rna will be used here because of the limited drive availableo At 20 

rna, 24 of the transistors had BYs in the range from 20 to 47. It is 

found, therefore, that the minimum base current, Ib, is 1 ma.. The current 

flow through R2 is greater than this by the value of the positive bias, 

Ib2 0 The greater Ib2, the shorter the turn-off time of the transistor; 

however, this additional current must be supplied by the input line 

during the ON time.. A value of Ib2 equal to Ibl will be used so that 

the desired overshoot on the turn=on will not exceed the maximum allowable 

current of 5 rna per input lineo The positive bias resistors are not 

shown in Fig.. 4 .. 2 but they are connected from a positive voltage supply 

to the bases of the Q2 transistors.. A 15 K~resistor going to + 15 

volts will supply the necessary 1 rna of current.. The base-to-emitter 

voltage, Vbe, is not zero during the time the transistor is turned on 

and, therefore, the 3 volt input signal is not entirely dropped across 

R2• A maximum Vbe of 0.6 volts is conservative since for most transistors 

the voltage is in the range of 0 0 3 to 0 0 4 voltsSO 0 The 2 rna of current 

will drop 2 .. 4 volts across an R2 of 12 K..ILo 

To avoid pulse-repetition-rate (prf) sensitivity, the R2C2 

time constant will be selected as approximately 0 0 1 ~sec. If C2 is 
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100 ~, the time constant is equal to, or less than, 0 0 12 ~seco However, 

hole storage may drain much of the charge, and the capacitor may have to 

be increased if the turn-off time is too longo 

The values of R4 and V2 are partially defined by the choice of 

collector current in Q2' however, a Q4 transistor exhibits emitter 

follower action when turned on so that its emitter voltage is equal to 

V3 0 V3 is determined in part by the desired low output level ll - 4 .. 5 

volts.. However, it is necessary to clamp the output, e , to - 4 .. 5 volts o 

in order to prevent Q4 from going into saturation and, as a result, V) 

will be slightly lower,-- -6 volts o The emitter current of Q4 remains 

to be defined.. It must be less than the collector current of Q2 so 

that the voltage at the emitter can fall fro~ zero to V) when Q2 is 

turned off.. The collector current of Q4 is slightly less than the 

emitter current and should be as large as possible to produce fast switch-

ing.. An emitter current of 10 rna is consistent will all the requirements 

and results in a V 2 of - 12 volts and an R4 of 600...n.... If a higher 

current had been desired both V2 and R4 would be larger so that the 

supply would approach a current source.. During the transient state, the 

voltage at the emitter of Q4 starts falling to V 2 ,and if V 2 is very large 

the voltage at the collector of the OFF Q2 transistors might exceed their 

maxi.mum ratings .. 

At the selected transistor in the Q4 array, the base and 

emitter are at approximately - 4.5 volts and 10 rna is flowing out of the 

emitter. The collector voltage, V6' has been defined by specifying VOFF; 

it is +- 15 volts.. The variation in current gain is greater in Q4' a 

2B94A., than it was in~. Even at 100 rna of collector current the gain 
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varied from )) to 71 for the ten transistors tested6 At 1 ma of collector 

current the variation in gain was from )1 to 100; thus, a minimum gain of 

)0 will be used to determine Ra6 It is very important that the output 

voltage of all the Q4iS be at the clamping voltage of the diode because 

this voltage determines the base current of the transistor=gate.. To 

insure adequate clamping, the collector voltage should fall to -6 volts 

with the clamping diode disconnected. With a minimm gain of )0 and an 

emitter current of 10 rna the minimnm collector current will be 9 .. 7 mae 

15 ... 6 ,..v 
Ra is, therefore, 9 .. 7 '" 2 .. 16=-2,,2 K...f'l. .. 

R6 is the load for Q) and also serves as the path to V5 for the 

turn-off current of Q4" Since the emitter voltages of the Q4 transistors, 

in the steady stage condition, are always at -6 volts or at zero volts, 

the base must be below -6 volts" The -12 volt supply will be used for 

V5 since it is available and the result is a net collector=to-emitter 

supply voltage of=6 volts for Q)6 The maximum reverse base current of Q4 
is approximately the same as the collector current of Q) if the emitter voltage 

of Q4 remains const~t and just one of the lines coming from the Q) 

transistors is shifted. If both Q) and the emitter of Q4 shift at the 

same time the maximum reverse current will be ~ and a more rapid turn-off 

time will result. The more critical case is when Q) is shut off and the 

emitter of Q4 remains at -6 volts.. To insure fast turn-off in the latter 

case (because shunting with capacity is impossible) the maximum reverse 

base current will be specified as 10 mao R6 is then ~ '" 0 0 6 K...n.. 0 

The inverter stage, Q), will also use 2N136 transistors and if 

the current gain is again assumed to vary from 20 to 47:J a minimum base 

current of 0.5 ma will be required.. The emitter is now at -6 volts and 
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the collector supply voltage of Ql must be more negative in order to 

draw base current from Q3'sO the -12 volt supply will be used" Although 

it would be possible to short out R3 and C3, R, would then have to be 

large to determine the base current of Q3 0 The turn-on time of Q3 

would, however, then be limited by the collector capacity" Faster 

switching can be obtained by specifying the collector current of Ql to 

b 10 R · 12 '2 K e mao 5 J.S IO "".J..e -"l.. 0 

The total base resistance required for Q3 is 0:5 "" 12 K-rLo 

R3 must be 12= 102 "" 1008 K, a nominal value of 10 K~will suffice o 

The maximum reverse base current of Q3 is only 0 0 6 rna, therefore, 

shunting R3 with a capacitor, C3, of 10 ~d gives a time constant of 0 0 1 

!1sec O:J which will shorten switching time 6 

In Ql(a 2Nl36 transistor) with a collector current of 10 rna, a 

base current of 0 0 , rna is requiredo As was don~ for Q2' positive bias 

will be used to shorten the turn-off time o Because the ON base current 

was 0 0 , ma, a maximum reverse base current of the same value will be 

demanded 0 If the positive bias is taken from the + 15 volt supply the 

resistor will be 30 K..n.;" l1. now carries 1 ma,and with 204 volts across 

it, ha s a value of 204 K...o.. 0 Cl can be 40 IJtI.fd in order to retain 

the 0.1 ~sec time contstant o 

4.203 Summar,y 2£ Components Required ~ Transistor Matrix 

Following the notation in Fig" 402 the components are~ 

~, Q2' Q3 2N136 (pnp) 

Q4 2N94.A (npn) 

l1. 204 K .Jl-

R2 182 KJ'L 
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Positive Bias Resistor to ~ 

Positive Bias Resistor to Q2 

VI' V2' V, 

V) 

V6fp Positive Bias Supply 

Diode Clamp Voltage 

4 .. 3 Complementary SyPffietry 

10 K-fi-. 

600 -n..-

600 -r.L-

30 K .Jl-

15 K ....r1-

= 12 v 

- 6 v 

... 15 v 

The signal at the output of the matrix has the necessary voltage 

swing, but the current levels are not high enough to drive the transistor-

gate. As opposed to the above matrix where the transistors were not 

heavily in saturation, the transistor-gate will be driven heavily into 

saturation when the matrix levels change. Reverse base currents on the 

order of 100 ma will be required to turn the transistor-gate off, and if 

this is supplied by the positive bias method~6 the imput drive to turn 

the transistor on will be 50 rna plus the 100 rna of positive biaso 

The technique of complementary symroetry23, 51 allows the 

requirement of a large reverse base-current to be satisfied; and, at the 

same time, the input current is only that which is required for the base 

of the transistor-gate" In Fig" 4.3 is an early model of the transistor

gate.level amplifier that did no~ use selection at the base of ~ (which 

is equivalent to Q4 in Fig" 4.2)& The swing at the collector of ~_ is 

the same as the swing at eo in"Figo 4.2.. Referring again to Fig" 403, 

the collector vOltage of Q2 is applied to the bases of the first stage of 
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complementary-symmetry circuitry. When the base voltage of Q4 is at the 

high level (corresponding to ~ being turned off) its emitter is at a 

lower potential than the base, and the transistor is turned off~ The 

collector and base of Q3 are at the same potential}and the emitter is 

slightly negative with respect to either of theme The only current 

flowing in this circuit will be a few microamps of leakage current from 

Q6~ As a result, the emitter of Q3 will be practically at the base 

potential. The same now holds true for Q, as the only collector current 

is the leakage current of ~e 

The emitter of Q6 is slightly reverse-biased by the drop from 

base to emitter. of Q,' and the only current flow is the base-to-collector 

leakage current. 
:.",. 

When Q2 goes on, the base of Q3 falls below the emitter potential, 

and as a result, Q3 is turned off during the transient state (except for 

leakage currents) .. As the base of Q4 falls, the emitter is forward biased 

by an amount equal to the difference between the fall of the base and 

emitter voltages. Although the frequency response of the grounded collector 

circuit is lower than f n, the base currents can be high during the transient 

and this results in a short turn-on time. 

Q, is reverse biased in the sarne manner as Q3~and do~s not enter 

into the operation of the circuit during the turn-on transient. The 

operations of Q6 and Q4 are similar, and until the emitter voltage reaches 

ground potentiai, the main load on the emitter of Q6 is the collector 

capacity of Q70 The emitter-to-base diode of Q7 then becomes conductive 

and clamps the base of Q7 to approximately ground potential.. Any further 

decrease in the bas~voltage of Q6 leads to a large emitter current until 

capacitor C charges. The initial charging current of C helps to turn on 



70 

Q7 by providing an overshoot in the base current. The base current of Q6 

appears as emitter current of Q4j and the base current necessary in Q4 to 

produce the charging of C will be smalls Thus the fall time of the 

collector voltage of ~ will not be limited by the current in Q4 and Q6. 

When the voltage at the collector of Q2 reaches -4.6 volts, 

(the particular battery voltage measured in the experimental setup) the 

diode begins to conduct and prevents the voltage from decreasing any 

more than a few tenths of a volto The emitter of Q4 will fall to a 

potential slightly above the base potential, and the em~tter of Q6 will 

also be a few tenths of a volt above its base potential o The base current 

in Q7 is determined by the 680~ resistor and the emitter voltage of Q6 0 

Approximately 6 rna of base current was measured in the circuit and the ON 

base current of Q6 was less than 200 ~ amps 

The only unit that will have hole-storage effects other than 

the transistor-gate, ~, is the diode, but fast switching diodes25have 

less hole storage than the transistors if allowed to saturate" 

When the base of Q2 is turned off, the collector current goes 

to zero before much happens in the circuito The 7&4 IDa that had been 

flowing through the 207 K~resistor now flows into the diode since it 

remains a low impedance until all the stored carriers have been removede 

During this time Q4' Q6 ,and Q7 remain conducting" In Fig .40.4 the base 

current of the transistor-gate begins to decrease almost as soon as the 

input signal is changed, indicating that hole-storage is very small in 

the diode" 

As the volt~ge at the collector of ~ rises, Q3 and Q5 are 

forward biased,. and Q4 and Q6 are turned off. The base current of Q3 

starts out at 7 ~ rna, but as the base voltage rises, the current decreases. 
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The base voltage rises until it reaches zero potential, then Q7 becomes 

a very low impedance to ground until the stored minority carriers are 

removed.. When the base voltage is constant, the base current of Q3 will 
current 

also be constant at 5.6 mao The collectorl\of Q3 will be rising to the 

value of the current gain times this 5.6 ma; however, the cut-off 

frequency, which determines the rise time, is divided by the current gain. 

Therefore, the turn-on time will be determined by Ic in the same 
21T fnIb 

manner that it was in Seco 2050 For an fn of 3mc, the collector 

current will rise to 10 ma in 0.1 ~sec. The emitter current rises to 15 

rna in the same time .. 

The emitter current of Q3 is about equal to the base current of 

Q5' but an approximate analysis is more involved here because the input 

current is not constant.. To obtain a rough estimate of the turn-on time, 

the input current can be assumed to be zero for the first 0.1 ~sec and 

then to be no less than 15 mao When this 15 rea starts to flow,the output 

will rise. to 100 rna: ~of collector :!Urrent in 0.3 ~sec.. The total time 

needed to rise to 100 ma will be 0.4 ~sec from the time that the voltage 

swing at the base of Q3 reaches the zero levelo The actual. waveform 

(Fig. 404) of the base current of Q7 Show~ it to be a linear rise.. The 

turn-off time of ~7 was calculated in Sec. 2..5 for a constant reverse 

current of 100 ma.. Since the base current is not constant, the turn-off 

time will be in error.. However, in the above circuit, the current is not 

limited to 100 mao If the transistor-gate is still in saturation, the 

current continues to rise to a value equal to the product of the input 

current times the current gains of Q3 and Q40 For various transistors 

tested~ the peak current varied over a wide range and was as high as 

150 ma .. 
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The power ratings of the transistors ~ through Q6 have not yet 

been considered, but ~, ~, Q3 and Q4 do not carry appreciable current 

when the collector voltage is high. Q6 car~ies the steady state base 

current of Q7' but in the circuit of Figo 4.3 the current was only 6 mae 

However, with the transistor designed in Seco 2.5, base currents up to 

48 ma will be expected. The dissipation in Q6 will then be approximately 

50 row per cOllector-to-emitter volt.. In the circuit of Fig. 403 this 

would mean a dissipation of 125 row; however, this could be reduced by 

raising the -7.15 volt supply to -6 volts. Then 100 row transistors could 

be used for Q6 0 

The quiescent current in Q5 is very small as has been noted 

aboveg however, the transient current may be very high. If the values' 

above are used, the peak dissipation is 15 x 0.150= 2025 Wo The rise to 

this value is from zero current, and so the average dissipation over the 

time that current is flowing will be 1/3 x 2.25= 0 0 75 w. The repetition 

of this dissipation is low because it only occurs on the turn-off of a 

particular transistor-gate. This same position can not be turned on 

until the next cycle ends. Therefore, it will be 12 ~sec before the 

transient can occur again.. The maximum average dissipation is 1/24 x 

0 .. 75=0 0 031 w=31 row, well within the rated dissipation of most alloyed-

junction transistors. 

The voltage ratings of all the units are about the same, because 

~ the worst case the col1ector-to-base diode on each transistor has 15 • 

6=21 volts of bias 0 This occurs on Q3' Q4' Q5 and Q6 when the emitter-to-. 

base diode is concurrently reverse biased with the collector-to-base diode o 

Thus, the only restriction on the applied voltage is that it be less than 

the grounded-base breakdown voltage, 'Bo A maximum I of 100 rna with co 
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25 volts of collector voltage should be sufficient& The emitter-to-base 

junction on Q5 is reverse biased by the value of the voltage across the 

690 resistor (4e5 volts) and Ieo should, therefore, be less than 100 

~amps at 10 volts& 

The results of this section can be tabulated as follows: 

Tran13istor f I max .. a;@I P average I @ V I @ V Vp n c n c ,GO ~, co c 
(Fig .. 4 .. 3) min mw l1amps volts volts mc rna rna ~amps 

Q3(npn) 3 7.4 30 5 50<: 100 25 30 

Q4(pnp) 3 <LO 30 10 50<: 100 25 30 

Q5(npn) 3 ~~~ 20 150 30 100 25 10 10 30 

Q6(pnp) 3 50 25 50 75 100 25 30 

4 .. 4 Safetz Features 

If one of the transistor-gate level amplifiers fails in such a 

way that the transistor-gate is left in the OFF condition,when it should 

be ON, then there will not be a path for current from the READ-WRITE 

generator.. The voltage on the READ-WRITE bus will, as a result, va:ry over 

a larger range than predicted in Sec .. 2 .. 4.. When the voltage rises to the 

OFF voltage, then all the transistor-gates will conduct from collector-to-

emitter with inverted transistor action taking place and the base current 

of Q7 in Fig .. 4 .. 3 flowing out through Q6 & With 63 lines conducting 425 rna, 

there will be 7 rna per line and a dissipation per unit of 100 row, which is 

within the capabilities of the transistors to be used as gate .. 

When the voltage swings negative, nothing will happen until one 

of the transistors suffers body breakdown, and then'all the current will 

pour through the one unit. This would probably overheat the transistor, 

and it would become a short to ground, thereb,y saving all the other units& 

It seems more reasonable though to add a circuit to the READ~ITE 
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generators that would prevent the voltage at the bus from going more than 

a few volts past the maximum expected negative peak in voltage.. A diode 

clamping circuit should suffice, although this adds a little more capaci

tive load to the drivers.. It could also be accomplished by making the 

current generators bottom at : 15 volts.. With transistor drivers, this 

would be acomplished eas~ since they remain current sources until the 

collector voltage is below a few volts. Vacuum tubes, however, require 

high plate voltages to draw the high currents and diode clamping would 

have to be used .. 

4' .. , Marginal Checking52 

The concept of marginal checking is a very useful one for in-

suring that a system does not slowly deteriorate.. Possible troubles in 

the selection system would be a slow turn-on or turn-off time due to 

changing transistor characteristics. In all the applications in the 

transistor-gate level amplifier, circuits were overdriven so that minor 

changes in current gain (B) would not affect the switching, time as it is 

more dependent on the driving currents and the cut-off frequency (fn) 

than it is on B.. Since f is determined by the physical construction . n 
(Sec& 3 .. 2.1) of the transistor, one would not expect this parameter to 

vary .. 

To detect large changes in alpha, it would be desirable to 

inspect the collector voltage of the transistor-gates while varying some 

of the supply voltages. It would be impractical to look at each collector 

individually, and the voltage at the READ-WRITE bus is too large to detect 

small changes in collector voltage that could indicate serious trouble in 

one transistor-gate.. Ideal~, if the collectors of each transistor-gate 

could be shorted together, the voltage at one point would indicate the 



, ',i '( of all the tra,,8istor~gates, and it would be relatively s:iJrrf,le i,.,) 

TUJ"':n,..,(lff ttme does not lend itself' t.o a st:raigb.t forward 

",'(; .~~, a.::; tlv~r(:~ Is no one spot at which tl1e base voltages can be 

>:r~'6d" Hov16ver, the tra.nsistor U~5) that turns off the gate draws a. 

p-,fLse of CUT'rent from the +1.5 volt supply. Although generally 

V'aria,tion tn the voltage might be a ;;,c;ood indication ("!'~" 
.~..1 , 

If om_~ ol~ the ma.ny signals that are present on the power supply 

',':>1, 'i;)hen rRstermg through the coordinates beg:ins to decrease and shift 

t,ir'18,'J the indic:ation would be that one particular line :l.s taking longer 

if:' i~UX'Yl off than the others.. While still observing the power supply 

Trol ~ the slow line could be isolated and then :tnvestigated directly. 



CHAP1'ER V 

EXPERIMENTAL RESULTS 

500 Introduction 

As with most experimental theses, considerable time was spent 

on measurement problems not directly associated with the thesis topic .. 

Many blind alleys were encountered, but data was taken on prospective 

transistor-gates, and on the operation of the associated level amplifiero 

The results are reported below. 

5.100 Transistor-Gate 

Commercial manufacturers are, at the present time, producing 

two types of transistors: the high-frequency (low-power,\> low-voltage) 

unit, as exemplified by the surface-barrier transistor~ and the high= 

power (low-frequency, low collector resistance) transistor such as the 

20 w Minneapolis Honeywell H-2. 

Neither type of transistor meets all of the specifications 

listed in Sec. 2 .. 5, but samples of each type were tested to determine the 

transistors' shortcomings. 

In order to compare different units some criteria had to be es= 

tablished. The maximum rated dissipation of each unit could have been a 

common tie. In a test, such as the ma.x:i..mum collector current :for a given 

step of base current, the collector current would have been adjusted until 

the total dissipation equaled the rated dissipation.. As a result the 

collector voltage would have been quite large for the power transistorso 

It was felt, however, that the most important parameter of the 

transistor~gate was its low impedance to ground. In this case slight 

variations in transistor parameters will not a.f:fect the selection line 

currents.. Therefore, all measurements concerning current gain were taken 

77 
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with the collector current adj~sted to give a maximum collector voltage 

of 1 volt. 

Since static measurements would not indicate the pulse 

characteristics of various transistors, it was necessary to perform 

pulse measurements .. 

5.1.1 High-Power Transistors 

A Minneapolis Honeywell H-4 was selected as a high-power unit 

having a dissipation that perhaps was close to that needed for the tran-

sis tor gate. The current gain varied over a wide range of values depend-

ing on the relative t:iming between the application of the step of base 

current and the application of the pulses of positive or negative collec

tor current. Thus, it is found, for example, that pushing current into 

the collector within 5 ~sec after. the base drive had been applied, 

results in an initial peak of voltage which decreases to a very low value 

if the collector current is left on for more than 5 ~sec. On the other 

hand, if, after the application of base drive, more than 5 ~sec is 

allowed to elapse before the application of a pulse of collector current~ 

then, (starting ~t the time when collector current begins) the initial 

collector-to-base voltage will be low initially. It will increase to its 

final value after an additional 10 or more ~sec. The peak of voltage in 

the first case was probably due to a lack of carriers at the collector

to-base junction because the base is quite wide (judging from the low 

alpha cut off frequency -- 200 kc) and a few microseconds was required 

to build up the stead state carrier density. If the emitter-to-base 

junction had been forward biased for a period of time, the carriers :would 

have become quite dense in the base region. Applying a collector current 

now draws these excess carriers off but the density of carriers needed 
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for the total collector current creats a field across the base region 

and results in a voltage once the initial charge of carriers has been 

used up .. 

An interesting feature was observed on these units that was not 

observed on high-frequency transistors, probably because of the short 

times involved. If current were pushed into the collector so that it 

acted as an emitter of carriers, a higher current gain could be realized 

for the first few microseconds than could be realized by drawing the cur-
, 

rent out of the collector. The static normal and inverted current gains 

of the transistor at 1 ma were 20 and 3 respectively. Figo 5.1 indicates 

the variation in normal current gain that was experienced by demanding 

that the base current be of sufficient magnitude to allow 410 rna of 

collector current to flow at some later time, with no more than 1 volt of 

collector-to-emitter voltage. With a one microsecond delay, 370 ma of 

base current is required to keep the coliector-to-emitter voltage below 

one volt. At 10 (J.sec only 63 ma are required, but further delay does not 

reduce the required base current appreciativelyo 

Aside from the long turn-on time, the final value of the current 

gain is low even though the maximum' current rating of the unit is 400 mao 

The two units tested had rather low collector resistance, 60 K at 30 

volts and although not measured, probably very high collector capacitances 

due to the large physical size of the collector. Without too much more 

testing, the high-power transistors were -set aside as having too low a 

frequency response and too Iowa current gain (a high current gain had 

been hoped for in order to overcome the known low frequency response)o 
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5.2.0 High Frequency Transistors 

The power rating of the transistor'-gate has not been specified,\) 

but it must have the ability to dissipate the necessary power associated 

with the 425 ma pulses of collector current and the specified base drive 
. 1'4 

(45 to 48 ma). Olsen's original idea was to use low-power,\) high-

frequency transistors if the saturated resistance was low enough to pre-

vent the rated dissipation from being exceeded. Along with saturation 

resistance, the variation of current gain and breakdown voltage were 

measured .. 

5.2.1 Saturation Resistance 
30 

Ebers and Moll have derived an equation for the saturation 

voltage during grounded-emitter operation. Since their equation neglects 

the body resistance, and the resistance of connecting leads might also be 

appreciable, it was decided to pulse test these units too o All of the 

transistors tested (Raytheon 2Nll3 ws and 2Nl14 ussRadio Receptor RRl57 Rs", 

and some special units from Philco) had saturation resistances in the 

range of I to 2 ohms. This was not the resistance with 45 rna of base 

current and 425 ma of collector current~ but was the saturation line as 
, 

seen on a plot of the collector characteristics. Assuming that the tran= 

sis tors were saturated, the power input while carrying the 425 rna of 

collector current is about 500 row. With a 50% duty factors this might be 

reduced to 250 row. The static base input power must also be added to the 

collector dissipation and since the equivalent base resistance in some 

units is as much as 50 ohms,the base power is appreciable. The total 

dissipation here might be as high as 375 row. With a 50% derating on the 

transistor manufacturer's ratings a 750 row unit would be required. All 

the units tested had 50 row ratings. Since the saturation resistance can-
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not. be decreased without driving the transistors far into saturatlon, 

the units are not satisfactory for this purpos~. 

5.2.2 Current Gain 
- < 

Slnce transistors with the desired characteristics were not 

available, it 'liaS decided that experience with the high-frequency transi3= 

tors, operatin;cs at a low duty cycle, would indlcate in a general lmy what 

to expect from the desired units. 

The saturation resistance has been found as part of the experi,-

ment on the measurement of the pulse current gain (as in Sec. 5ol)~ The 

results were quite startling, considering the experience with the high •. 

power lmits, because the high-current gains of the high-frequency transis-

tors were as good, and in some cases better, than the steady state current 

gain of the high-power units. The high frequency units had a high current 

gain of 10 or better, within a microsecond after applying the base c1lr.rent. 

Some of tbe units were very symmetrical although they were not constructed 

with this property in mind. Webster's article36provides an insight into 

the results since he has shown that the variation in current gain is a 

function of base width (the distance between the emitter and collector 

regions). The narrower the base the less the variation in gain and also 

the higher the initial gain. It had been expected that the gain 

was a fun c ti a n of the area of the junction, but the narrow base 

masks the effect of a smaller junction area in the high frequency units. 

The symmetry of some of the units indicated that the units could 

be made symmetrical with little loss in their high current gain. 

If the unit is made to the specifications developed in Chapte:l's 

2 and 3, any decrease in current gain, due to an increased base Width, 

should be compensated for by an increase in the collector and emitter area 

to keep the current density constant~ 



5~2.3 Cutoff Frequency . - .... , -,., 
The cutoff frequencies of the transistors tested were in the 

range from 5 to 10 mc~ and are, therefore,fairly close to the desired 

value of 7 mc. There were high peaks of voltage associated with the 

turn on of the current Dulses. Since the rise ti.,'ne of the collector 

current affected the peak in collector-to-emi tter vol tage, the current 

rise was adjusted to be the one-half microsecond asked for in the memory 

specifica tian. This reduced the peak in voltage so tha t a higher current 

gain could be obtained. 

Generally, a decrease in the amplitude of the collector-to-

emitter voltage will accompany a shift in collector current from 1 ~sec delay 

to 2 !lsec after the application of base current. Any furt.1.er increase 

in delay will not decrease the voltage.,indicating that the steady state 

condi tion had been reached .. 

5~2~4 VOlta£e Ratin~~ 

Most of the high frequency units had voltage ratings of five 

to ten volts and were to be used in generaJ. for amplification of radio 

frequency signals at low levels. The base width and/or base resistivity 

of the transistors were not controlled too closely and the actual break ... 

down voltages varied over a large range. The avalanche vol tage iTA 

varied from 10 to 20 in four 2Nl14's, while the punch-through volt.age, 

Vpi varied from 11 to 32 in these four units. 
, 

Even though the voltage ratings were exceeded and the pulses 

of current were extremely large, the reason for transistors failing 

could always be traced to a circuit error and never to a sudden change 

in fue transistors characteristics. 
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503 0 0 Experimental Transistor-Gate Level Amplifier 

When the driving circuitry for the transistor-gate was being 

developed, two radically different techniques were tested o The first 

was similar to the positive bias technique discussed in Seco 40202 and 

the second was the complimentary symmetry circuitry discussed in Sec o 

4030 The first technique has the advantage of requiring only one transis

tor to drive the base circuit; but it has the disadvantage of having to 

supply a drive to the transistor gate equal to the sum of the positive 

bias current and the required base currente The second technique needs 

only to supply the actual transistor-gate base current during the ON tim~ 

and it can supply large reverse base currents at the turn-off time to 

provide fast switching. However, it requires two transistors for each 

one required in the first techniqueo 

50301 Turn-off Times 

To keep the turn-off time short, large reverse currents must 

be supplied to the base of the transistor gate. In the first system 

described above a small resistance to the positive voltage supply will 

provide this current, but the input current must necessarily be increased 

by the addition of reverse current. If 100 ma of reverse current is re

quired, the ON current will be 150 mao While the tests on turn-off time 

were being performed, vacuum tube current sources were used to drive the 

base because of the large currents required. 

Without taking extensive data it became apparent that even with 

the high frequency units, a large reverse base current was required to 

obtain the desired turn-off times and the complementary-symmetry circuitry 

was adopted from another group at Lincoln Laboratoryo In Fig. 4a3s 
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transistors Q3 through Q6 comprise the complementary-symmetry circuitry, 

and the operation is described in Sec. 4.3. With some transistors, the 

turn-off can be completed in about 0.5 ~sec with only one pair of tran-

sistors. Using both pairs of transistors decreases the turn-off time to 

less than 0.3 ~sec. The number of transistors required for this circuitry 

depends upon the alpha cut-off frequency of both the transistor-gate and 

the npn transistors used to turn the gate off. 

The voltage ratings of the npn's and the pnp's in the conple

mentar,y-symmetry circuitry will be determined b.Y the difference between 

the OFF voltage and the negative supply voltage of the pnp's es.4-{-7.5)-

22' .. 55 vOltJ '" If it is desired to make the base input resistor large,r to 

reduce variations in base current, a larger voltage will be necessary, and 

the required voltage rating of all the transistors will have to be in-

creased. A larger sized memory will also increase the voltage ratings 

because the OFF voltage must be increased. 

A difficulty that arises is the fact that a high alpha cut-off 

frequency transistor will have a low breakdown voltage. On 10 2N94A's 

Ca,6 mc np~ transistor) the actual aval~lanche voltage (V.I.) ranged from 

22.3 to 35.5 volts. The punch-through voltage (V ) waS greater than 30 p . 

volts on all units. The only rating the manufacturer placed on the units 

was the maximum collector-to-base voltage---20V. The maximwm collector

to-emitter voltage, when operating grounded-e:rnitter or grounded-collector, 

should not exceed 15 volts. If higher ratings a re desired, then the 

units cannot come from stock items, but must be individually tested to 

insure that the actual operating voltages are safely below the breakdown 

voltages. 

If one of the transistors in this 'Circuit alloys through (Sec. 4 .. 1).9 
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the complementary transistor associated with it willbe destroyed if the 

supply voltage is not removed in a very short time. Consider in Fig. 4.3 

that Q4 has shorted from emitter-to-collector, but that the base-to-

emitter and base-to-collector resistance is still high. When Q2 is 

turned off so that the base of Q3 is returned to +15 volts through 2.7K 
15+7.2 _. . 

ohm, the base current of Q will be 
3 

2_7 -802mao The collector 

current will rise to a high value, perhaps greater than 100 rna; moreover, 

the collector-to-emitter voltage will remain practically fixed at 2202 

volts. How long the transistor will last when dissipating more than 2 

watts is a matter of speculation, but the power supply mUst be capable 

of delivering 100 rna pulses to the final stage and would have to be fused 

accordingly. Part of the difficulty is that low current fuses have 

appreciable resistance, ioe o, a 125 rna fuse has approximately 20 ohms 

resistance. If the fuse is by~passed by a capacitor, then the action of 

the fuse is delayed. Transistors were destroyed by this sequence of 

events in the experimental circuit, but it was always because of operating 

a transistor above its punch-through voltage and the transistor failed 

when power was first applied. If the transistors are carefully selected~ 

then it might be reasonable to assume that there will be few, if any, 

failures. Therefore, fuses will only provide protection against the high 

current shorts. 

50302 Turn-On Time 

When turning on the tranSistor-gate, an overshoot in base current 

is desired to decrease the turn-on time. If the base resistor of the gate 

is bypassed by a capacitor, then the turn-on current will be increased. 

During the turn-off, the only path for the capacitor discharge is through 

the b~se resistor, because Q6' in Fig. 4.3, is an open circuit. If the 
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capacitor is not fully discharged within 6 ~sec, and the same line is 

rese1ected on the next clock pulse, the turn-on base current will be 

lower than it was the first time, because the capacitor is partially 

charged. As a result, the transistor-gate turn-on time will be longer. 

There is no disadvantage in making the capacitor larger in this case; 

however, care should be taken to measure the longest turn-on time o If 

a time constant of 0 .. 1 ~sec is used as a start, the value of C will be 

150 ~fd. Comprehensive data has not been taken on this variation, as 

the higher frequency units were capable of turning on in the required 

time without assistance from capacity. With a slightly lower alpha cut= 

off frequency transistor (2 to 4 mc) the Western Electric GA-52830 (Bell 

Laboratories M-2012), a capacitor of C=lOOO ~fd doubled the input current 

during the first few tenths of a microsecond of base current f1owo The 

tests have not been completed on this particu1~r transistor, and this 

large a capacitor may not be required because the effect observed when 

the above information was measured was the variation in amplitude and 

shape of the peak in base current during the turn-on time. 

5.3.3 Speed-Up Circuits 

A resistance-capacitance network in the base of a transistor, 

such as the matrix input circuits in Figo 402, provides a higher current 

to turn the transistor both ON and OFF with a minimum of delay. Some 

other circuits were given cursory inspection to determine if they added 

anything to the RC networks operation .. 

One circuit tested involved a pnp transistor with two lo~d 

resistors in series. The common point of the two resistors was connected 

directly to the base of the next transistor, an npn. The resistor going 
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to the negative supply was also in series with an inductance~ 10 (Shown 

in the figure below.) 

Q, +\& 

IN 

R3 

R, our 

Qz 

R z 

L 

-~ 

When the first transistor was turned on, the choke blocked the 

path of current flow to the power supply" The collector current was then 

determined by the resistor between the collector of the first unit and 

the base of the second unit" together with the emitter supply voltage on 

the second stage j based on the assumption that the first stage was driven 

into saturationo The initial base current was high and provided a short 

turn=on time" If the current in 1 has risen to its final value by the 

time the input is turned off~ this current must now flow through the 

base of the second transistor and should provide the necessary reverse 

current to give a short turn-off time" 

When a circuit was constructed and the value of L varied, the 

turn-on time decreased from 1 0 0 ~sec to 0~4 ~sec as the inductance in

creased from 0,,1 mhy, to 1 mhyo Values of inductance lower than 0.1 mhy 

also resulted in a 1 ~sec turn-on time, and, increasing the inductance to 
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more than 1 mhy did not decrease the turn=on time& The turn~off time 

remained constant as the inductance was increased from zero to 1 mhy. 

As the inductance was increased further, the circuit started to ring 

during t urn~off ~ and the turn-off time increased. The ringing 'toms due 

to self resonance in the coil. The voltage supply of the first stage 

was more negatj_ve than the emitter supply of the second stagej therefore,9 

this circuit had negative bias on the second stage (an npn) .' The value 

of negative bias current was approximately equal to the ste'ady state 

current flowing through L, so that increasing L had no effect on the 

turn-off time. If the two negative supplies were the same value, then 

there would have been little current in L, and again changing L would 

. not vary the turn-off time e 

Another curcuit technique investigated briefly was the use of 

a lumped-parameter delay line in place of the capacitor in the base of 

the transistor. This allows the transistor to be turned on and off with 

a step of base current instead of with the exponential rise and fal1~ 

which is not the most desirable waveform, according to C. Kirk*. The 

impedance looking out of the delay line terminals is not the same during 

the turn-on and turn-off time~and the one line constructed rang violently. 

If the circuit configuration happened to be such that the impedance 

remained relatively constant, then this technique might be applicableG 

S . ,,* 
• Bradsples suggested the use of a non-linear capacitor to 

shorten the transient time and provide a more nearly constant current 

during the turn-on and turn-off times o With the present materials and 

techniques, voltages on the order of 50 volts are required to switch the 

*Massachusetts Institute of Technology, Lincoln Laboratory, Staff: 
Private Communication 

**Massachusetts Institute of Technology, Lincoln Laboratory, Staff: 
Private Communication 
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dielectric material in a microsecond. Since the voltages across the 

base resistors are generally under ten volts, this could not be investi

gated as a possible speed-up device. 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 

600 Introduction 

It appears as though, using present techniques and devices, a 

transis tor can be built tha t will satisfy the spe cifi ca ticns of the tran-

sistor gate. At.the present time, however, no such transistor has been 

developed. It is also possible, considering the rapidity with which the 

transistor art is developing, that in the near future new techniques and 

devices will appear that will make it relatively easy to construct 

transistors that are very well suited for use as gates. Whether the 

specifications developed in this thesis were stringent enough to insure 

satisfactory operation isa matter of speculation, due to the fact that 

a large system has not been built. 

601 Transistor-Gate Level Amplifier 

Although the matrix was not constructed, the logical operati~~s 

have been observed and no great difficulties will be expected fx.om the 

assembled array~ Some changes in values of cc:mponents may be needed to 

speed up any slow 'circuits. A total delay of 0.2 or 0 • .3. ~sec might be 

expected from the time the signal indexes the MAR till the time the sig-

nal appears at the transistor-gate. The, most critical point appears to 

be the voltage ratings of the transistors that take the full output vol-

tage, swing. 'lhe normal alpha cutoff frequency (f ) affects opera tion , n, 

more than the current gain (B), so long as the transistor is in satura-

tion. The two important characteristics of the transistor, the voltage 

rating and f ,oppose each other .. that ifl.t increasing the vol.tage rating n , 

generally results in a.lower f , and increasing f decreases the voltage 
n n 

ratings. 
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6.2 Transistor Gate 

There are no sui table transistors now commercially available 

that satisfy all the specifications for the transistor gateo However, 

the major requirement lacking in most transistors is the power rating3 

and it seems that a minimum dissipation of 750 mw will be necessary .. 

The decrease in current gain, as experienced with earlier transistors, 

has been eliminated to a great extent. The most promising transistors 

for the gating operation are the Western Electric GA-52830 and a special 

transistor that Philco Corporation is developing for Lincoln Laborator.y. 

The Western Electric transistors are not symmetric and have a slightly 

lower f than called for in the specifications. The Philco units have 
n 

low power ratings but this is not an inherent characteristic of the 

transistor. It is hoped that further development of the transistor will 

raise the power ratings. 

All of the theoretical relationships indicate that the units 

can be constructed as either pnp or npn germanium transistors. The 

silicon transistor has not entered the high-power, high-frequency field 

because the present devices have high saturation resistances~ 

60 3 S,ystem Operation 

Due to its non-linear nature, the effect on the selection line 

current of the collector-to-base capacity will be ~ard to evaluate in 

more detail than was carried out in Sec 205040 Further study of this 

effect will have to involve measurements on the actual memory because of 

the complex interrelationships of the windings in the memoryo The 

sensing problem may be quite different if the rise and fall times of the 

selection line currents are pot the same as in th~ present systemo 
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60 4 Recommendations ~ Further Study 

Even though the complete system was not builtj a good idea of 

the problems and limitations can be obtained from the work performed o 

It would be useful to compare this system to other possib~e systems, one 

20 
such possibility being a register drive selection system 0 Since only 

one word is being driven instead of a complete selection plane, it 

might be possible to drive the selection line directly with the tran-

sistor instead of separating the gating and driving functions o This is 

also one system that allows an increase in speed over the coincident-

current operationo 

The design procedure for the transistor gate using silicon 

instead of germanium should be carried out to indicate the future possi~ 

bilities in that field. 

One area in which study could well be directed is the develop= 

ment of the READ-WRITE generator. The thesis was started with the idea 
a 

that a vacuum tube makesj\better driver than the transistor does; but if 

the dissipation can be circumvented by paralleling transistors or if one 

transistor's dissipation is high enoughj then the transistor driver 

could replace the vacuum-tube current generator wit~out any change in the 

selection system. 
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It is desired to find any critical points of the follow:ing 
I 

function in the range I ~I ".,(n ~ 10 
c ·b 
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To find a maximum or minimum, the derivative is set equal to zero: 
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1 = Ib (Z-l\+ 1, and 1-oIn = !b. (Z~l)o 
~ Ic Z") o\n Ic Z 

Substituting, 

1n Z = Z 0 Z-l. 0 (.fho Z-l+~ = (Z-l) (1 + f.h Z-l; , • 
Z . Ic Z 7 Ic Z) 

This is satisfied at Z=1 because 1n 1=0 and 1=1=0 0 

A=10 

Ic (l=oIlll) 
1 = 1 ... Ib ~n • A=ll 

1- cC n = O. A-12 

o.n = 1. 

However, this is a point at which the derivative, Equation A-2, is 

not defined because the coefficient that was dropped'(l~n),becames 

'in£inite. Lmits must be taken then to determine if~or::l"n =1 =0. 

1m (d~\ 1m <>.,,2 G: -1;:n) lnr~ _ ~bc(~n 1 -1-tcin 
d.n~\iJd.,nr "n .... 1 L ~ · A-14 

2( )2 (Ib 1-GL.) ~o~n l-qn -- - ~ 
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The numerator goes to 2 while the denominator remains zero, so there 

is no limit and there is no critical point at ~ = 1 .. 

Equation A-8 is also satisfied at Z equal to infinity 

because the logarithm of infinity is equal to infinityo The reciprocal 

of Z will be zerO$ so Equation A-5 becomes: 

A=17 

Ic - "'nIc = 0( nIb. A-18 

~ = t I:\: • n c Ib 

Equation A-3 for the derivative of o:n with respect to ~n 

is equal to the difference of two large numbers at this point, so again 

the limit must be taken to detennine if the derivative goes to zeroo 

A-20 

Taking the derivative of the numerator and dencminator~ A-21 
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-----'lI ..... 00 

since the numerator increases without limit and the denominator remains 

finite 0 

Therefore, equation A~l has no critical points in the range 



1. Snoek, J. L. 

2. Pearson, G.' L. , 
Brattain, W. H. 

3. ~~~'D~·A~·&: 
Menyuk;, No 

4. Bardeen, J.' & 
Brattain, W. H. 

50 Shockley, W., 
Sparks, ' M. ' & 
Teal, G. K. 

60 Bradley, W. E. 

7. Oken, S. 

8. Felkner, J. H. 

9. Kirk, C. T. 

& 

100 Sarles, F. W. Jr. 

11. Gloor, R. D. 

REFERENCE BIBLIOGRAPHY 

New Developments in Ferromagnetic Materials~ 
New York-Amsterdam, Elsevier Publishing 
Company, 19470 

"History of Semiconductor Research .. tI Frec. 
IoRoEo, vol. 43, pp. 1794-1806g December, 19550 

"A Comparison of Metals and Ferrites for High= 
Speed Pulse Opera tio~ rt Connnunica tions and 
Electronics, Noo 16, pp. 631=635, January~ 19550 

"The Transistor, A Semiconductor Triode~" 
Physical'Review, vol. 74, pp. 230-231, July 
15, 19480 

"p-n Junction Transistors"," Physical Review, 
vol. 83, pPG 151-162, July 1, 19510 

"Principles of the Surface-Barrier TransistorJ " 

Proc. I.R.E., volo 41, ppo 1702-1706, December, 
1953. 

"Transistor Magnetic Core Drivers," So Mo 
Thesis, MIT, August 19540 

"Performance of TRADIC Transistor Digital 
Computer.l'" Proc. of the Eastern Joint Computer . 
Conference, No. T-70, pp 46-49, 8-10 December 1954. 

"Investigation of Semiconductor Devices as 
Gated Amplifiers For D:i.gi tal Computers.) fI 
So M. ThesiS, MIT, February, 1955. 

"A Transistorized Amplifier Discriminator For 
Core Memory Output Sensing;" So Mo Thesis, 
MIT, June, 1955. 

"A, Semiconduc tor Regula ted Power Supply.;" 
s. M. Thesis, MIT, 22 August, 19550 

12. Harvard University "Investigations for Digital calculating 
CompUtational Machinery," Progress Report 5, 1949. 
Laboratory . 

13. Forrester, J. W. "Digi tal Information Storage in Three Dimensions 
Using Magnetic Cores," MIT Servomechanisms 
Laboratory Report 6R-187, 16 May 1950. 

98 



14. Papian, W. N. 

99 

"A Coincident-Current Magnetic Memory Unitjl" 
MIT Servomechanisms Laboratory Report 6R-192, 
8 September, 1950. 

15. Brown, D. R. & . "Ferri tes Speed Digital Computers," Electronics 
Albers-8hoenberg, E. pp. 146-149, April, 1953. 

16. Brown, D. R.& 
Rochester, N. 

170 Everett, R. R. 

18. DiNolfo, R. S. 

19. Olsen, K. Ho 

20. Raffel, J. I. 

210 Minnick,R". C~ 
Ashenhurst, R. 

22. Gates, E. K. 

23. Sziklai, G. C. 

24. Olsen, K. H. 

250 Kingston, R. H. 

26. Jones, N. T. 

27.. Moll, J. t,. 

L. 

"Rectifier Networks For Multiposition Switching," 
Pro c·. loRoE., vol. 41, pp. 1393-1406, October, 
1953. 

"Selection Systems for MagnetiC Core Storage," 
MIT Servomechanisms Labor a tory Report 6E-4l3, 
7 August, 1951. 

"Mnl ti-Coordinate Selection Systems For Magnetic= 
Core Storage," MIT Lincoln Laboratory Report 
6R-235, August, 19540 

"A Linear Selection Magnetic Memory Using an 
Anti-Coincident Current Switch," MIT Digital 
Computer Laboratory Report 6M-2110, 8 May, 19530 

"Switch for Register Selection in a Magnetic
Core Memory," . MIT Lincoln Laboratory Report 
6R-234, 24 May, 19540 

"Multiple-Coincidence Magnetic Storage SystemsJ " 

Jour. Appl. Ph~., vol. 26, pp 575-579, May, 1955. 

"Transformer Driver for a Coincident-Current 
Magnetic...Memory, It S. M. Thesis MIT, August 23.\l 19540 

"Symmetrical Properties of Transistors and Their 
ApplicationsJ " . Frec. IoRoEo, vol. 41, pp. 717= 
724, June, 19530 

"Transistor Circuits for Driving Coincident
Current Memories," MIT Lincoln Laboratory 
Report 6M-33l6, 21 January, 19550 

"Switching Time in Junction Diodes and Junction 
Transistors," 'Proc. IoRoEo, vol. 42, ppo 829-
834, May, 19540 

"Millori ty Carrier Storage in "Diodes' and Trans
istors," So M. Thesis, MIT, August, 1954. 

"Large Signal Transient Response"of Junctiori' 
Transistors;" Frec .. ' loR. Eo , vol. 42, pp. 1773-
1784, December, 1954. 



280 Miller, S. L~ 

29., Schenkel, H. & 
Statz, Ho 

30. Ebers, J" J. & 
Moll, J. L" 

310 Canty, w. J'. &' 
Mitchell, J. L. 

32" Ebers, J. Jo'& 
Miller, S. L .. 

33. Dow, w. G. 

34. Bright, R. L. 

350 Eckl, Do J. 

360 Webster, W. M. 

37. Koka, E'. G., 
Buck, R. E'o &' 
Reiland,. G., w .. 

380 Stuetzer, O. M .. 

39.. Miller, S. L. 
Ebers, J. J. 

40. Moll, J" L. 

41. Kansas, ~.,_, 

100 

"Avalanche Breakdown in Germanium9 tI Ph~., Rev .. !) 

volo 99, ppo 1234-1241, August 15, 19S=: 

"Vol tage Punch-1hrough and Avalanche Breakdown 
and Their Effect On The Maxi.mum Opera ting 
Voltage For Junction Transistors.,"i Froe., of 
National ElectroniC Conference, volo 10, 
ppo 1-12, February, 19550 
"Large Signal Behavior of' Junction Transistors:s Vlf 

Proc~ IoRoEo~ vol. 42~ ppo 1761-1772, Decembers 
19540 

"Tentative Cathode Estimates for 256 x 256 x 33 
and 128 x 128 x 33 Core Memories," MIT Lincoln 
Labora tory Report 6M-2969" 6 Augus t, 1954 .. 

"Design of Alloyed Junction Germanium Transistors' 
for' High-Speed Switching," Bell. Sys. Tech. JOur"9 
vol .. 34, pp. 761-781, July, 19550 

Electronics, 2nd 
Inco, 19 " 

"Junction Transistors Used as Switches," 
Communication and ~ectronics, Noo 17, ppo 
111-121, March, 19550 

"Thermal Stability of 'lransistors..l" MIT 
Lincoln Laboratory Report 6M-4035, December 2, 
1955 .. 

"On the Variation of Junction-Transistor 
Current-Amplification Factor'with Emitter 
Curren~ tI 'Frec. IoRoE .. , voL 42, ppo 914-920, 
June, 1954. 

"Developmental Germanium Power TranSistors.," 
Proco I.R.Eo, volo 42, pp. 1247-1250, August, 
19540 , , .' 
trJunction Fieldistors.J It· Frec;. loRoEo, vol. 40, 
pp. 1377-1381, November, 19520 

"Alloyed Junction Ava1.ancheTransistor·sJ II ~o 
~o Tech'o Jour;" vol. 34, pp. 883-902, 

ptember, 19 55 .. 

"Junction Transistor Electronicsj" Frec .. I"RoEo, 
vol 0 43, ppo 1807-1819, December, 19550 
"On the' High Frequency Performance of TransistorsJw 
Froe .. IoRoEo; vo10 419 ppo 1712-1714, December, 
1953. . 



42. Prince, M. Bo & 

430 Tiley, J. Wo &. 

Williams, R. Ao 

44. Fletcher, N. H. 

450 Clark, W. Ao 

46. Konkle, K. H .. 
Cohler, E. U 0 

47. Griffith, Po G. 

48" Rajcrunan, J 0 At> 

49. Brown, D. R. 

500 Cohler, E. U. 

51. Harris, Bo &' 
Macovski, Ao 

52 .. P.faff, R. J .. 

101 

"Drift Mobilities in Semiconductors, It 
Physical Review~·vol. 92, pp. 681-687, 
NOvember 1, 19530 

"Electrochemical Techniques for Fabrication of 
Surface-Barrier Transistors,i II Pr9C. LR.E." 
volo 41, pp. 1706-1708, December, 1953. 

"Design of High Power Transistorsj "Electronic 
Components Conference Proceedings, 19550 

itEMARg An Experimental Memory Address Register.a" 
MIT Lincoln Laboratory Report 6M-3820, August 10, 
1955. 

"Positive Bias As Applied to Surface-Barrier 
Transistor SWitching Circuital" MIT Lincoln 
Laboratory Report 6M-3830, August 12, 19550 

"The Application of Transistors to Multi
Posi tion Selection Switches..,'"Maater is Thesis 
Proposal, It MI T Lincoln Laboratory Report 
6M-3914, September 29, 19550 

''Electronic Computers.l" RCA Laboratories, 
Contract #NOS-93260, 19420 

"A High-Speed Mu1ti-Posi tion' Electronic Switch." It 
S. MQ Thesis~ MIT, May~ 19470 

"Typical SBT Characteristics",," MIT Lincoln 
Laboratory Report 6M-3649, May 31, 19550 

"A Symmetrical-Transistor Phase Detector for 
Horizontal Synchronizatioh,JI" RCA Review, 
vol. 15, ppo 18-26, March, 19540 

"Marginal Checking for Circuit DeSigners." fB 

MIT Lincoln Laboratory Report 6M-2459, 
October 13, 1953Q 



LIST OF DRAWING NUMBERS 

!igure Drawing Eumbe!" p~~ 

102 A=58815 .5 
103 B=63065 8 
204 A,~,64671 25 
2,,5 A=64672 30 
203 A=646?3 20 
206,207 A~64674 32 
104 A=64675 10 
301 A=64902 42 
307 A~64903 52 
3 .. 5 A=64904 50 
3 .. 6 A=64905 51 
401 SB=64910 58 
404 A=64954 72 
403 B=64955 68 
402 C=64956 61 
101 A=64974 3 
2,,1,9 202 A=6.5018 16 
105 A=65021 13 
304 A=65022 47 
3<>2 A=65023 44 
3,,3 A=65025 45 
5 .. 1 A~65034 ~o 

102 


