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Abstract: The theory of small signal linear junction transistor
amplifiers is extended to develop design techniques which cam be
applied to the non-linear problems of switching ecircuit design.
Many of these techniques differ materially from the corresponding
technigues of vacuum tube amplifier design. |

The linear theory i# oriented toward the study of moderate~-gain
widesband amplifiers driving non-inductive loads and being driven
from non-inductive sources simce switching cireuit amplifiers
commonly fall into this category, but many of the concepts have
application to other amplifiers as well,

43 an outgrewth of the linear theory, the transistor parameters
which are important in flip-flop operation are disecussed, and a new
way to measufe these parameters is deseribed,

The genersl theory of flip-flop design is discussed in some
detail, spd design data is presented for the most useful of the
basic flip=-flop eircuits, Flip-flops were designed by the method
presented here and their measured performance compared with the
predicted performance, The generally good agreement beiween theory
and experiment is taken as verification of the usefulness of both
the design data and the hagic concepts used in the derivation of
the design data,.

It is conecluded from this study that junction trargistors are
practical switehing eircuit elements, and it is confidently pre-

dicted that they will eventually see wide use,
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I INTRODUCTION

The discovery of the transistor in 1948 by Bardeen and Brattain
(Ref.1) was an event of singular importance to the electronic world,
because it pointed the way to a number of solid state amplifying
devices ﬁhich could compete in many fields with the vacuum tube while
' offering the distinct advantages of greater ruggedness, smaller size,
more efficient operation, and longer life.

Barly transistors were a disappointment to many users, partly
because manufacturing difficulties had.prevented.the production of
stable, longulived, devices; and partly because the use of transise
tors requires a distinctly different approach to circuit design than
the use of vacuum tubes, In the years since the introduction of the
transistor, improvements in manufacturing techniques have led to the
production of devices which have a high order of stability and give
promise of realizing the long life expectancy originally predicted,
Also, with growing experience in the use of transistors; many of the
problems arising from the application of transisters to active cireuit
design have been solveds The result is that the use of transistors is
widespread today and is growing rapidly.

One of the important reasons for this growth in transistor usage
was the introduction of the junction transistor, invented by Shockley
in 1949 (Ref.2). The junction transistor does not have the charac-
teristic instability which complicates linear circuit design using
point contact transistors. It further appears that the junction

transistor can be made more easily and cheaply than the point contact



transistor,

For these reasons, the trend in transistor circuit design has
been toward the use of junction transistors and away from point
contact transistors. However, it seems certain that each will con-
tinue to be best for certain uses,

In one field of application, electronic digital computers, the
point contact transistor has been used much more extensively than
the junction transistor. The reason for this is two=fold., It seemed
that the inherent instability of the point contact transistor could
be used to advantage in designimg simple bi-stable devices and pulse
generating and shaping circuits, and the early junction transistors
were low frequency devices seemingly more suitable for audio ampli-
fiers than for high speed computing circuits,

Even with presently available junction transisitors which have
far higher cut-off frequencies than the early units, many typical
computer eircuits, particularly pulse generators and very high speed
fiip~flops, can probably best be built with point cont#ct rather than
Junction transistors,

It seems probable, however, that junction transistors héve a
place in the computing field; and it is the purpose of this study to
evaluate some of the capabilities of these transistors in switching
circuits. The work reported here is largely concerned with the use
of junction transistors in flip~flop circuits since this is at once
the switching circuit of the greatest fundamental importance and the

switching circuit to which the/junction transistor seems most



directly applicable.

The central problem in the analysis of junction transistor
switching circuits, as it often is in engineering practice, is to
approximate the physical system in such a way that useful quanti-
tative results can be obtained without prohibitive mathematicai
complications.

The problem can be solved by first expressing the transistor
properties in terms which permit useful, although approximate, solu-
tions to circuit problems when the transistor experiences large
signals and high frequencies; and then considering the detailed
passive circuitry in terms of the characterization of the transis-
tor, making further approximations if possible, to arrive at a
practical solution to the complete problem.

Part II is concerned with the first aspect of the analysis prob-
.lerri, characterization of the transistor, Parts V and VI treat the
flip-flop circuit in detail and develop an analytic technique for
investigating all of its important properties, .

To implement an analysis of this type, it is necessary both to
determine which transistor parameters are significant énd to find
meaningful ways to measure these parameters, The fact that the
transistors are to be used as large signal amplifiers suggests that
large signal measurements, if they could be properly made, might
provide the most useful design information, Fortunately, the large
signal analysis suggests many ways that large signal measurements
can be made, Part III is devoted to a description of some of the

most important large signal measuremen ts to provide a basis for
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determining the transistor parameters to be used in the experimental
verification of the transient analysis,

It seems desirable to devote some time to a gemeral investigation
of flip-flop circuits before attempting to deal with a specific case.
Part IV is devoted to such an investigation and discloses the limitam
tians.on the amplifier thereby revealing the only possible junction
transistor flip=flop circuit configurations.

Part VII is devoted to a discussion of the uses of the flip-flop.
It discusses some of its advantages and limitations and presents tech=
niques for using additional transistors to overcome some of its
limitations,

The conclusion from the material presented here must be thét the
junction transistor, by virtue of its performance, is a potential
circuit element for use in digital computers, However, a number of
.conéideraticns such as reliability, cost, size, weight, power requirew
ments, immunity to shock, and availability must also enter into the
selaction of computer circuit elements,

Reliability is probably the primary consideration in computer
design. For hearing aids (Ref,3) and more recently for computers
(Refol) transistors are proving to be at least as reliable as the
best vacuum tubes, and the quality of transistors is being improved
rapidly. From the standpoint of cost, transistors are at present at
a considerable disadvantage, but this situation is also improving

rapidly.
The area of the digital computer field where it appears the

junction transister might be most useful, includes what might be



classified as the moderate speed machines having basic pulse rates

of the order of 200 kc., or less, Flip~flops designed with

presently available junction transistors are capable of providing use-
ful current outputs of several milliamperes and of changing states

in perhaps a microsecond, Such flipeflops can be used as fundamental
building blocks for a moderate speed machine. Machines of this type
have been used in airborne applications, and it appears ﬁhat here,
where size, weight, and power requirements are important considera-
tions, is the most fruitful place for the application of junction

transistors to digital computers,



II 'THE JUNCTION TRANSISTOR AS AN AMPLIFIER

Preliminary Ideas:

The junction transistor is an active three terminal network.

element, For the benefit of those who are more familiar with the
vacuum tube, another three terminal active circuit element, it may
be of benefit to draw a limited analogy between the vacuum tube and
the transistor. The three terminals of the vacuum tube are the
plate, the grid, and the cathode. The corresponding terminals of
the transistor are the collector, the base, and the emitler.

The analogy can be used to find the input and output terminals
for the basic amplifier eircuits and to determine the phasing of
input and output signals,

‘The transistor always has lower input impedance than the correse
ponding vacuum tube comnection, and one must always consider input
current although it is sometimes possible to neglect input voltage.
The similarity of the vacuum tube to the transistor is increased
considerably if one operates the vacuum tube in the positive grid
region,

Physically, the junction transistor consists of a single ecrystal
semi=conductor sandwich, the two extreme regions are of either n
or p type semi-conductor and the central region is of the other
type. The central region is the base, the two ends are the emitter
and collector respectively, The transistor is not ordinarily sym-

metrical since different impurity conecentrations and/or geometry are
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required for most efficlent functioning of the emitter and collector,

It is evident from the asbove description that the transistor
resembles two junctieﬁ diodes with a common base, For linear opera-
tion, the transistor is connected in such a way that the collector
junction is back-biased (the voltage is across the junction in the
direction to produce small current flow) and the emitter junction is
forward~biased (the voltage is across the junction in the direction
to produce large current flow). For nep-n transistors this means the
collector is positive with respect to the base, and the emitter is
negative with respect to the base, For p-n-p transisters the
peolarities are reversed,

‘There have been many discussions in the literature of linear
equivalent cir cuits for transistors. (Ref.5,6,7) Strictly speaking,
these are useful only for small signal operation over a limited fre-
quency range. Of the many possible circuits, the one which seems
most appropriate for extension to large signals and wide frequeﬁcy
bands is the equivalent T given in its low frequency f@rm in
fig, IT-1%,

The attractive feature of this circuit is thét the’circuit ele~
ments have some correspondence with the physical characteristics of
the transistor, Thus we identify r, with the resistance of the
collector barrier, re with the resistance of the emitter barrier,
and ry with the spreading resistance of the base region., The

current generator constant a is almost the same as the current

¥The figures are grouped together at the end of the report.
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gain parameter a of the transistor,

This last statement is easily seen to be true by considering the
set of linear equations represented by the equivalent circuit,

v, - (re + rb) i, * 1y i, (I1-1a)

v, " (arc + rb) ig * (rb + rc) i, . | (1I-1b)
The current gain parameter is by definition the negative of the ratie

of ic o ie with Ve equal to zero (i.e. with the collector short

circuited). We have then

i ar_+ r r
a == miﬁ P L. ot ‘Pr ~ & - (11I-2)
e rb+rc 1""._.9 b c
Ve O Te

since rc>> rb for junetion transistors.

 From the physical theory of transistors we know that each junction
has a capacity associated with it. (Ref.,2) It might seem to be
necessary to shunt both To and r, by suitable condensers as a

first step toward extending the eguivalent circuit to high frequen-

cies, We recall, however, that r_ is approximately the forward

e
resistance of a diode and hence is very small. An approximate analysis
shows that the time constant of the emitter junction is very small
compared to the other time constants of the circuit, so we simplify
the equivalent circuit by including only the collector capacity.
Another result from the physical theory is that « has the fre-
quency dependence of a delay line (Refs.8,9). This frequency
dependence introduces reactive components at high frequencies which

mist be considered in any realistic attempt to study the high
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frequency behavior of transistors. It is theoretically impossible

to develop an exact equivalent circuit for the frequency variation

of a since it would require an infinite number of circuit elements.
The approach has been used to put this frequency dependence into the
equivalent circuit by injecting the current through one or two sec-
tions of lumped constant delay line (Ref,10). The equivalent circuit
is a cumbersome tool when it gets as complicated as even the simplest
transistor equivalent circuit, however, it provides a convenient des-

cription of the impertant transistor parameters.

For switching circuit analysis it is convenient to use the circuit
of figl.II-1 and simply assign a the first order frequency dependence
which was calculated for a « In terms of the LaPlace transform

variable, s, this becomes

8o Wy

a m = (11-3)
s+,

The zerc frequency value of this function is a and :mb s the cut-

off frequency, is the angular frequency at which the amplitude of a
is down by (2)~1/2. We note that this is also the point at which the
phase shift is L5 degrees, In actual transistors, these two points
do not occur at the same frequency since (II=3) is only approximately
true, This intrcduces some small complications in the theory which
will be discussed later,

Various more complicated equivalent circuits have been preposed
which represent the high-frequgncy smallesignal behavior of the

transistor more closely than the circuit proposed here, For extension
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te large signals, these refirements are perhaps unjustified in view
of the approkximations which must be made to treat the problem at all.
Experience indicates that the proper approximations applied to this
simple circuit will yield good first order solutions to switching
cirenit problems. For that reason the equivalent eircuit of fig,II-2
has been chosen as the simplest characterization of the transistor
which can profitably be used in switching circuit analysis, The rest
of this work will be expressed in terms of that characterization.
Typical values for the equivalent T parameters for a junction

transistor might be

6

r, = 5 x 10° ohms
CC - h}; mmfd,
Ty = 30 ohms

ry, = 60 ohms
w = 5x 106 rad./sec.

a = 996

It is desirable to develop approximate expressioné for such
things as input impedance, output impedance, transfer impedance,
open ¢ircuit voltage gain, and short circuit current gain for the
various transistor connections. In doing this we wili make use of
the approximate values of the equivalent T parameters. That is,
we will assume that r, and r, are always small compared to r,

or rc(l-ao) and that time constants obtained by multiplying rg

and ry by any circuit capacity are always negligible compared to

other time constanis in the circuit.
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The circuits tc be considered in detail are those which have
generator impedances Zg and load impedances ZL which consist of
a parallel combinaticn of a resistor and a condenser. That is Zg
consists of rg and Cg in parallel, and ZL consists of ry and
CL in parallel. In keeping with this notation we introduce thé

symbol Zc which denotes the parallel combination of r_ and CC .

¢

The generater and load impedances are of such size that careful
consideration must be given to aspproximations involving themos Ordina-
rily the resistive component of either load or source is much smaller
than Tos but the reactive iterms can not be dropped because of this,
As an example of the typical approximation procedure, the term ‘zg/zc

would be approximated as

1 .
pA * '
g CG(EE“C; s) _ C, s . |
£ - x — (1I-k)
¢ C (—tem + 8) C (s+ C*)
gr C g r
g8 g £

Exact expressions for the various impedance and gain functions
are derived in Ref.l0 for the characterization of figsII-2. In the
following sections the frequency dependence of a is inserted in
these expressions to develop useful approximations for the gain and

impedance functions in each of the three basic connections.,

The Grounded Base Connection:

The grounded base connection is characterized by low imput im-
pedance, high output impedance, and no phase reversal., The current

gain is less than one, but because of the high ratio of output to
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input impedanes, power and veltage gain greater than one can be
achievad,

The input Impedance is gliven by

. . ....3.",, u Yo Ty + Z@ [I"e * x"b(l ea)] + (r@%rb) ZL
K Y. ]
Fy * Z@ * ZL
Cc 8
. _EL,,_ )
+ le r_+ » ,
- r@ Z‘)-b( %4"(;9 ) ( e I“b) CL(S * __rL_G__L)
- C 8
+ ) 2
: (54 —E) (1I5)
L i 5]
CTL ML
0 8 Cp 1 re* rp{l=s,) C,
- (rh-#r}g"% T+ ¢ B + -s.?.(-.;_.
or L Ve % L VL Yo P Ty L
R Py — re ¥ rb(l o aO)
VL(G + C ) re * T,

(s + R '5)(5*@3)

Tals network function hag two poles in the left halfeplane
on the real axis; and two zeros, also in the left half-plane, which
may be either real or complex conjugate depending on the parameters
of the eireuit. The magnitude of zin for any freguency is the
. product of the distances from the point on the imaginary axis
representing that frequency te the poles divided by the product of the
dietances from the poindt to the zeros, It follows from this geomet-

rie picture that the maximum value of the magnitude of the input



- 13 -

impedance occurs at either zero or infinite frequency. For the
above expression, the maximum value occurs at infinite frequency
and is rg * Iy, a very small quantity.

The fact that the input impedance is small for all values of
frequency makes poessible a very important simplification in many
practical circuits. If the driving impedance is large compared to
the input imbedance, one can compute the emitter current on the ag-
sumptien that the emitter voltage is zero. This is the dual of the
common assumption of vacuum tube theory ihat the grid current is
ZEro,

Even though it resulis in a reduction of the power gain of a
transistor stage, it is often desirable to drive the transistor from
a high impedance source (relative to the input impedance) since this
offers the advantages of greater bandwidth and more linear_operation.

It is instructive to examine the input impedance for the simple
special case of ry very small. Taking the 1limit of expression

(II«5) as ry goes to zero gives
L

(r, +ry) [ s+ re-+rb(1-a0)]
2 - e b © Te + rb
in . : {(I1w6)
5+ w,

An equivalent circuit for this expression is given in fig Il=3
together with the values of the elements of the circuit. This cir-
cuit has the same zere and infinite frequency impedance as the more
complicated expression of (II-S). It is seen that the low frequency

reactive component of the input impedance of the grounded base



- 3 -

connection with ZL = 0 is inductive,

It is instructive in connection with the result of (II-6) teo
point out some of the limitstions of the approximate formulas de-
veloped here. A glance at the equivalent circuit of fig.ll-2 shous
that the high frequency input impedance with the ceollector groﬁnded
must approach r, as the frequency becomes very high. This is in
contrast to eguation ([=6)which says it approaches Fg + T o This
does not mean that the approximate formulas have no validity, but
simply that they apply to a restricted frequency range. In practice,
they can be applied with fair accuracy at frequencies up to the cut-
off frequency. We have simply neglected high frequency poles and
zeros of the form 7 (S *’%) vhere 7 is small,

The ocutput impedance of the grounded base connection is

| 1 (rb“*zc) Zgtrg Ly + Tg Ty *+ 1y Zo(lwma)
Zout =¥ = Zg + Ty v Iy (TL-7)

out

1T Zg is large compared to rg, + Iy,
= 7 . (11-8)

The transfer impedance of the grounded base stage is

™ L, +p + 7 4, (C.+C)(5+w ) |5+ 1
C + { 7
L b 1 zg (] L o rL(CL1=QQ)
(II~9)

If the transistor is driven from a voltage source Eg through a

series impedance Zg which is large compared to the input impedance,



the input current ie becomes

E
ig = Eﬁ, (I1-10)
g

and the output voltzge e, becomes

e, = g%y = Ei Z,. (I1-11)

We define the ratic of e, to E, as the voltage gain Ay and we

¢ g
have
a. o
A = %ﬁm ;Ew Zz (C *C)(si:) s + ‘ . (II=12)
e T %%t WCreo) [0 mrgey] -

For the special case of rl(Cl-¥Cc) small this reduces to

a. w, r
A, = 2o L. (II-13)
b Zg(s-+m0)

If Zg is simply a resistance, the cut-off frequency of Ay is @, .

A more interesting case occurs when Zg consists of a resister r

in parallel with a condenser Cg o Then
1
. (s + 7% )
A, = 850, Ty Qg g € o (IT=1k)
(s + mo)

If we choose 1/'1'g Cg = @, the expression for vcltage gain be-

comes

e (11-15)

which is first order independent of frequency. This means that the

cut=off frequency becomes l/fL(CL-*Gc) which was assumed to be very



much greater than @, o Thus we see that under certain conditions it

is possible to extend the bandwidth of a grounded base transistor
amplifier by driving it through a suitable compensating input impedance.
The voltage gain of a grounded base amplifier is

(I‘b +azc) Zy, _
(re*rb) ZL + e ZC + Tg Ty + Ty Zc(l"‘a) -~

e

_ (TI-16)
d.o I‘L

r (I‘ +r )(C + 0 ) T +r ) .
ILVe " Tb/\YL T Ve b
— s° +{ ew + rLCc(re+rb)+ rLCL[re +rb(1~ao)]}3

o
+re*qxlnao)o

If we consider the special case of rL(CL4-Cc) negligible compared

te the other time constants of the ecircuit, the voltage gain reduces to

. 8p Wp Ty,
- o (Il'l?)
Ay (rg*1y) (wo[re+'rb(1 ac)]* s )
+ rb
which has cut-cff frequency @, given by
ng[re + rb(l“ao)] ; 11-18
o = - ' ( =1 )

4
(+3 X’e rb

The cut off frequency w

e 1is always less than o

o9 but it may approach

it irf ry is much smaller than r_ o+ If the amplifier iz driven out

e

of a zero impedance generater, w, will be the cut-off frequency of the

voltage gain from the generator to the output. If the amplifier is

driven through a resistor, which is effectively the same as increasing
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ry in (II-18), the cutwoff frequency approaches w3 and if the
proper compensating input condenser is used, the cut-off frequency
can be increased to 1/rp(Cp+C,) .

The increase in the bandwidth does not necessarily result in an
increase in the gain bandwidth product., Driving from a zero iﬁped-
ance source results in a gain bandwidth product of a, o, rL‘/(reﬁ-rb)
driving through a resistor rg vwhich is large compared to ré-+rb
reduces the gain bandwidth product to a, Wy rL,/rg, and driving
through the compensated input impedance results in a gain bandwidth
product of aC/'rg(CL+»Ca) o The compensated gain bandwidth product
may be either greater or less than the gain bandwidth produét of the
transistor driven from a zere impedance scurce deppending on thé values
of the circuit constants,

The open circuit veltage gain is obtained from (II-16) by letting

the load impedance become infinite, It is

a
Ae(epen circuit) =~ o % 7 (1I-19)
Colrgtry) (s+aw,) (s + v Cc>
The zero frequency value of this is
a r
re *ry

It is apparent that even though the current gain is less than one in
this connection, large values of open circuit voltage gain are pos-
sible hecause of the high ratioc of r, te ro¥Iy e

The short circuit current gain of the grounded base connection is

approximately a as given by (II=3) ,
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The Grounded Emitter Connection:

The grounded emitter connection has higher input and lower output
impedance than the grounded base stage., It produces a phase reversal
and has both current and voltage gains greater than one,

The input impedance of the grounded emitter stage is

, ) ?}_ ) (re + 1) Iy *+ Xy Iy + rg Ty * 1y Zc(l-na)
in : "
in Zp v r, + Zo(1 = a) (IT=21)

rp(re + 1, )(Cp + Cc)sz + {(1‘e +rp (14 vy Cpwg) + 1y Cp g [rg + (1= ao)rb]}s

+ wyfrg *r (1=a,))

P
~

r (€ +Co) 8% + {1vay rp (€, (120 1) s + wy(1-2,)

This expression, like the pxpression for the input impedance of the
" grounded base connection is difficult to use for practical computa-
tion, Since the poles of (II-21) are real, it falls in the class ef
expressions which have their maximum absolute value at.either zero
or infinite frequency, In this case the maximum value of the input
impedance occurs at zero frequency and is

Te

Zin(max) - rb 4+ 1 -a * (II_Q?)
[s}

The expressien for the input impedance of the grounded emitter
connection becomes much simpler for the special case of ry small.
Taking the limit of (II=~21) as r; goes to zero yields,

. i (re+rb) 5 + 0, rg * rb(l“ao) ) o
in 5+ a,(1wa,) (1Im23)
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An equivalent circuit for this expressiocn is given in figeII-l
together with the values of the elements of the circuit. This cir-
cuit has the same zerc and infinite frequency impedance as the more
complicated expression of (II-21). It is seen that the low fre=-
gquency reactive component of the input impedance of the grounded
emitter stage is capacitive,

The input impedance of the grounded emitter stage is.much higher
than the input impedance of the grounded base stage; nevertheless,
it is frequently desirable te drive the grounded emitter stage from
such a high impedance generator that the input impedance can be
neglected when caleculating the base current, This results in\improved
linearity and easier computation, and can with proper compensation
result in better frequency response,

The output impedance of the grounded emitter stage is

Ty Ty * Zg [re +rb(1~aﬂ + Zg{re+Zc(1-a)]

Ty, + Tyt Zg

(II~24)

8 + 1na
=~ Zc('l a3} =z @ 0) .

Cp (8w )(5+ 10 )
e ¢

An equivalent eircuit for the output impedance is given in fig,IiI=f,

The transfer impedance of the grounded emitter stage is

. (re -a Zc) Zr,
t ZL + re + Zc(lna)

(II-25)
a, og 1
(CL*C) g2, [Ltwe TL{Cc* (1=a,)Cp) - (1= ag)w,
RN YT
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If the transistor is driven from a vollage source Eg through
a series impedahce Zg which is large compared to the input
impedance, the input current ib becomes

E

1, = zﬁ (1I=26)
g
and the output voltage e, becocmes
Eg ' \
e, = j‘b Zt, » 7 Z’b‘ (I1-27)
g
If the ratio of e +0 Eg is defined as a voltage gain At 5
(II-28)
A = ec _ Zt “2‘-0 G)O 1

t Eg Zg Zg(CL*CCF 52+l+m0rL[Cc+(1~a0)CL] (1= ag)wg

N

'rL(qL+cc)

For the special case of r; small, this reduces to

)]' (11-29)

If Z_ is a resistance, the cut-cff frequency of A, is wo(lu ao).

g t
Ir 2 o is a resistor o in parallel with a condenser Cg s At
becomes

Ly
~ 2, Wy Ty, Cg (S"F“é"'
A, = = g’ . (1I~30)
s + a)()(luaa)

By choosing ".1./13g C_ = m@(lmao), we can make (II~-30) frequency

g
independent. For practical purposes, where rp is not zero, this
means that one can cancel the low frequency pole of (II-28) and the

actual cuteoff frequency will then be determined by the high fre-

quency pole. Thus we see that in the grounded emitter connection
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it is possible te inercase the bandwidth by driving through a sulbt-
able compensating inpul impedance.

The voliage gain of the grounded emitter stage is

A ~ (‘re L ZC) ZL B

e ' . . _\_w
(re*@"rb)ZL*-re Zotry 1ty Zo(Lea)

(TI=31)
- ao I’L

o it -~ e .

rp{re * ) (Cp* O o {"f‘e * Ty

@ * 1y, Colrg +y )+ 7 Cp [rg o (1= ag)]}s

WDy '

tr ot r,b(l-» ac) .

We note that to the degree of approximation involved here this
iz the same (except for the negative sign) as the expressicn for
voltage gain in the grounded base connectione

The voltage gain when rp is small is

a. w. 't
o Y ‘L .
~ T2
by = @, [Tq tr, (Leag)] (11-32)
s s
(rg +ry) ( — )+
e b

and the open circuit voltage gain is

Qe Wp

Ay {open circuit)<

1
Cplrg + o) (8 +ay) (5 + Cc) (II-33)
e
which has the zero frequency value
a r
e (TT-34)
e b

The short circuit current gain is



aZ,»r a a. G,

(2] ~ ——msv. [e]

i re‘*“zc(lma) 1-2a s*‘mo(l-ag)

(11-35)

The low frequency value of the short circuit current gain is

a, /{(1=a ) and the cut-off frequency is m@(l» a ) .

The Grounded Collector Connection:

The grounded collector connection has the highest input impedance
and lowest 6utp‘ut impedance of the basic transistor connec%;ions,, It
has voltage gain less than one, but the current gain is greater than
one and substantial power gains are available. The connection does
not provide a phase reversal,

The input impedance of the grounded collector stage is

A vyt Zg [rotrp(lea)] + 2y (ry+2,)

4n re + Z,(l=a) + Iy
TIw136
Z " (T1436)
ZL C - fc ’jua
C Jea

which has the form of an impedance ZL(lu a2) in parallel with Z(_ .
ir ZL is a resistor and condenser in parallel, .

S
ZL 8 m»O

l=a CL (s + = ch) [s-ﬂ—mo(j_mag)]

2

(II-37)

In the situation of greatest practical interest,

o is much larger

than either mo(l- a,) or 1/rp Cp o Under these conditions,
(II=37) represents an impedance which cannot be realized as a pas-

sive circuit sinece it has a négat,ive real part at sufficiently high
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frequencies, (Refell), To see this, set s = ju and write (IT=37)

in rationalized form as

oL
1-a (11-38)
2 Sn(lea ) '
@ (1-a,) 1 @olleay 2 Do 2
.;Q;...-——;Quu@ 2 [PO—— 1} + w [m L) (lm a )n - W
Ty, O "[% 15 Pl G © ot .0y

.

maz(lo- &0}2 }

‘ T T2 e
L L Z'LCL

It is evident from this expression that at sufficiently high frequen-
cies, the input impedance of the grounded emitter comnection loocks
like a series negative resistor and a capaciter (at a singlé fm—
guency only, since both the resistance and capacitance are functions
of ;t‘reﬁuency.)

A uwseful approximate expression for the real part of (II=38) can

be obtained when 1l a, + 1 / w, I C;, is negligible compared to one,

let 9
w- r. C :
L L i
U e (11-39)
mo\l 080)
and
1

w, vy, Cp(1=a ) + g 7, G (1 =3g) - (11-40)

Then the real part of (II-38) is approximately

yA r lenu
_il-... ~ L m'“‘g R (IT«l1)
%! Real part 178, ut

The minimum value of this occurs at



u o= 14+ (24 K)A/K (ITel2)
and has the value

r

L 1
l1w~a, 2+ K +2(2+KL2

(II-h3)

Since the input impedance of the grounded collecter stage has a
negative real part at sufficiently high frequencies, the pessibility
of instability exists when the grounded collector stage is driven
from a generator even though the cutput impedance of the generator
can be represented as a passive network. A simple way to investigate
the stability of the grounded collector stage when an arbiﬁrary ade
mittance Y is connected across the input terminals is to add
admittance Y to the input admittance Yin which is the reciprocal
. of (1I=37)s Zeros of the resulting admittance are =zeros of the
characteristic equation of the network hence if all the zeros of
Y ¢+ Yin are in the left half-plane the amplifier will be stable.

For most switching circuit uses of the grounded collector am-
plifier, Y consists of a parallel resistor and condenser to ground,
Then

¥ = G+ (s (II-lhs})

and

s+a)(s+ay)
Y+Y.n( - -2

i +
S mo

(II-45)
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By giie @ 14| dla o e »
- " o (CI + ) [u wGPJGJﬂ"uLmO {(ea }+ —;]
3 it

(TI-i6)
For this case, stability is assurad,
If Y consists of an inductarnce I te ground,
V ——
" Ls (TInli7)
and,
12 1 a ) n {CLL‘”O(}'"HG) 1]
. SRR oy ey | 2 e + - + 7 +
AR S RS TR AR S ry, G S
Veg-xir o - s .
1

Le (s +rw@)

This will) be unstable if

5

1 L ) v
D > [rl ¢, + wg(lwa@}] '}E:T“ mo(luao) + L}. _ {1Lis9)

Networks having more complicated values of T are analyzed in the same
way, bul they will nct be considered here since they occur rarely in
practics) switching circuliis,

Unce stability is assursd grounded eollector transistors esn be

&

used to reduce the loading on eritiesz) sireuwits. Under these conditiens
low frequency input impedancs is of primary importance in determining
the rise time of the driving circult, A single time constant a DreXie
matior te the input impedance is very useful for situdying this case,

T4 is obtained by negleecting the s term in the numerator of (ILI=37)
and neglecting the sg terr obtained by multinlying out the denominator,

The resull is



T Ten,  1es %L G0-a)) (T1~50)
w(}(l -‘3‘.@)

which is just the impedance of a registor rL/l.n ao) in parailel with
i G - + L1 e
a condenser ul(]l_ ) 1/@0@ Ty
Te a first approximation theén, the input impedance of a grounded
eoliector amplifier driving a parallsl HEC lsad is the lwmpedance of g

parailel RC circult with

; (1I=51)
Oy, = Cuolp(leag) + —E.
in e T+ (o 14 T, @ (II-"EQ‘)

It wiil be noted that the input capaeity containg a term which is
dependent on the load resistance and the cut=off frequency of the
transistor. it is imperative that transisters having high cub-off
frequencies be used in this connection when low resistance loads are
driven and high speed operation is required. For example, if »ry ds
1,00C ohms and w, Is 107 , the ipnput capacity due to thiz term 18
100 mafd. which may well be the major part of the input capacity.

The eutput impedance of the grounded collsctor amplifier is

Te Ty * O [re*rh(laa)] + [re + Z@(l-a)] Zg

Z L ™
ou Ty v Lt Zg
1 @o(lu ao} + g {(1I-53)
AT N -
( g Q) [___EELE-—- %+ gg](mo‘%‘g)
rg(Cy + C.)

This impedance may be represented by one of the twe passive equivalent

eirewits given in fig.ll=5,
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The voltage gain of the grounded eollector amplifier stage is

Zc ZL

e Lo P+ Zy (X trp(l=a)) + (rb+Zc)ZL -~

1. (II=5L)

For all the circuits of interest here, we may safely disregard any
frequency dependence of the voltage gain., However, the transistor
in this connection shares with the cathode follower the property of
conducting in one direction only so the output wavefornm éannot
follow the input waveform unless the time constants of the load
cireuit and the cut-off transistor are such that the output voltage
can fall as fast as the input voltage.

Since there are two types of transistors, npm and pnp, which
conduct in opposite directions, it is possible to construct a simple
grounaed collector amplifiler which will amplify positive and negative
. pulses with egual ease and drive & capacitive load without the neces-
gity of expending power in a small load resistor, The ciréuit for
this amplifier is given in fig,II=b,

The current gain of the grounded collector amplifier is

A -3 - Z@ -1' ~~r 5 #'mf)
Porg ¢ (L=a)z, 1 ~a stao, (I=a )

t

(II«55)

Because of the high value of current gain, substantial power gains
are available in this connection even though the voltage gain is less

than one,.

Large Signal Junction Transistor Amplifiers:

Any attempt to make an exact analysis of the large signal be-

havior of junction transistors, even one based on the approximate
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equivalent ecireuit, leads immediately te prohibitive computational
difficulty. This statement is doubly true if the analysis is to be
applied to flip~flep circuits because of the added complication of
positive feedback,

The difficulty is principally due to the non~-linearity of most
of the elements of the equivalent circuilt, even in the normal
operating range of the transistor where the emitter junction is
forward blased and the collector junctien is back biased, In
switching cireuniis it is sometimes desirable to operate the transis-
tor cut-off (both junctions back biased) or saturated (both junctions
forward biased), The parameters of the equivalent circuit change
abruptly at the boundaries of the various eoperating regions.

One approach to the analysis of circuits which operate in more
than one region is to assume that the elements of the egquivalent
cireuit are linear in each operating region and that they change
abruptly at the boundary of the region. By matching currents and
voltages at the boundaries of the operating regions, it becomes
possible to caleulate the behavior of the cirenit (Ref,.12).

Another analysis uses an analytie appreximation for the non-
linearities (which is still non-linear of course) based on the
fundamental physics of the transistor (Ref.13,1k). This method is
a very satisfying one particularly for caleulations in the satura-
tion region, Hewever, practiecal considerations still require the
assumption of linear equivalent circuit elements {caleulated from
the analytic approximation) in each of the three regi@ns of opera-

tione



The flip-flep circuite tc be analyzed here permit several im-
portant simplificaticns which make the assumptien of linear
equivalent circuit elements largely unnecessary and yet permit the
calcuiati@n of cireuit performance using linear technigues, These
simplifications are possible because:

1., The transistors are driven through impedances which
are large compared to the input impedance of the.
transistor.

2e The load resistance is small compared to the collec-
tor resistance.

3¢ Operation in the satursted region is prohibited,

The importance of condition 1 can easily be seen from figeli«7,
Curve A is a pleot of collector current as a function of emitier
current and exhibits a truly remarkable linearity. Curve E is a
- plot of collector current as a function of emitter voltage and is
extremely none=linear, The difference in the twe curves 18 a result
of the nonelinearity of the input impedance. If the transistor is
operated in such a way that the input current is determined by ex-
ternal impedances {econdition 1), curve A shows that the output

current can be easily computed by a linear equatieon

=4

&)

8

S

I, =-a I, + I (I1-

which appliez owver the whole operating regicn.
In the grounded emitter and grounded collector connections, the

base current is the control parameter. Since

-I, = T v Ly, {I1-57)



equation {II=56) can be written

o B 1-a+'1c01—a'

(I1-58)

For many transistors plots of I, vs. Ib are also quiterlinear
even though nonelinearities in (II-56) are multiplied by the large
factor a/(l-a). Fig.lI-8 is such a plot for a number of typical
diffused junction n-p-n transistors, The impressive linearity of
the current plots suggests that the small signal transfer’immedances
can be used for large signal analysis with good accuracy when condi-
tion 1 is met.

Becauge the load resistance is small compared with the collector
resistance, changes in collector resistance which occur with changes
in the operating point have a second order effect on the output of
the amplifier. Hence the assumption that the collector resistance is
constant does not seriously affect the accuracy of the analysis.,

Because of condition 3 above, the collector is always back biased
and the collector impedance is high, Under these conditions if the
input impedance can be considered negligibly small (though non-
linear), the approximate formulas developed above for the remaining
network functions do not contain the non-linear resistances Ty and

r_ + The important transistor parameters have been reduced to a

e 0’

Wys Tos and C, . The collector resistance is ordinarily negligibly

large in the circuits to be considered. Of the remaining parameters

'ao and g are relatively independent of operating point and
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 therefore can be considersd constant with reasonable ACCUrACY o Cc
is not independent of the collector voltage but is considered to be
constant in this analysis in the interest of simplicity. In practice
this results in small error because the amplifier ordinarily drives
a capacity which is large compared to Cc and also the value of Ce
which is used, is obtained by a measurement technique which gives the
best linear approximation to C, over the actual operating range.

Operation in the saturated region has been prohibited because
saturated flip=flops change state more slowly and require greater
trigger impulses than unsaturated {1ip-fleps. This is a3 result of
an effect known as minority carrier storage, If the transistor amp-
lifier is driven by either a current cr veltage pulse, the outﬁut
increases as the input is increased until the voltage serozs the cole
lector junction beccmes zere at the peak of the pulse. If the imput
is further increased no additicnal minority carriers can be removed
from the base region by the collector so a concentration of these
carriers builds up in the base region., When injection ceases at the
emitter (at the end of the pulse) the collector voltage remaine at
the saturated value until the excess carriers have diffused out of
the base region or recombined in ite It is easy to obtain delays of
the order of 100 microseconds by this methed if sufficient drive is
available, Since any delay is detrimental to flip-flop operation,
minority carrier storage (saturation) should be avoided for optimum
design of flip-flop circuits,

In the cut~off region, both junctions are back biased and may

be regarded as high resistances shunted by cendensers. In the cir-

cuits to be described, the resistances will be negligibly large, but



the capacities may be important in some cases. The emitter capacitiy
can be measured in the same way as the collector capacity.

It is of interest in determining the static stability of a flip-
flop to be able to compute the currents which flow when the transistor
is cuteoff. When the emitter junciion is back biased, a smallicurrent
flous in the reverse direction, Equation (I1-56) actually still ap-
plies in this case (Ref.l3) which indicates that the collector current
is slightly less than Ico and the emitter current has some small
value in the reverse direction, The base current is the difference
between the emitter cuwrrent and the collector current and hence has a
magnitude which is somewhat greater than the collector current.. In
the eircuits to be discussed, the back veltage across the emitier is
much leéss than the back voltage across the collector, hence the emitier
current is very small relstive to the ceollecter current, A satis-~
‘facfory approximation is to set I, = 0 in (ITI-56) as the condition
for cutecff, A current Ico then flows in both the coliector and
base of the cut-off itransistor,

The principal effect of increasing the temperature of operation
of a transistor is to increase I@@ sinee I,, varies exponentially
with temperature in such a way as te double every 8 to 10 degrees C,
At room temperature, I,, will crdinarily be = few microamperes and
will be entirely negligible, Howevar, at elevated temperatures, the
stability of the flip-flop may be impaired because of the high value
of cutmoff current. For this reason, the flip=~flop design equations
necessarily include I,, so that a particular circuii design can

allow for a specified temperature rise,



III PULSE MEASUREMENT TECHNIQUES FOR JUNCTION TRANSISTOR PARAMETERS

The previous discussion has pointed out that C,, &g, and &y

are the most important parameters governing the behavicr of transistors
in switching circuits. Since these parasmeters are only quasi-linear,
more accurate calculsiions can be made using these parameters if they
can be measured in such a way that an effective value @vei the contems
plated operating range is obtained,

The pulse measurement techniques preposed here, btased on the ape-
proximate network functions previously derived, permit such large

asignal measurements of the transistor parameters,

The Measurement of G, 3

Eguation (II=8) shows that the output impedance of a grounded
base amplifier with the emitter open is 2, which consists>of a
large resister r, in paraliel with C, . It is desired to measure
thie condenser in terms of an ideal condenser which would require the
same charge to change from voitage Vl Lo V2 s A circult to accom-
plish this is given in figeIlll-la « The collecter voltage on the
transistor is constrained to be Vl or some more positive potential
by the battery and the high quality germanium point contact diode,
If a rectangular positive pulse of good rise time (perhaps O,1 micro-
seconds) and short duration (perhaps 2 microveconds ) having an
amplitude of 2(V2-nVi) is applied tc the varisble condenser, the

collector at the transistor will rise with the pulse te a voltage

vy ¢ 2(V2‘-Vi) C./(C*-Cx) where C, 1is the sum of the stray



capacity, C,, and C, o If C is adjusted until the peak of the
collector pulse is at VZ’ the collector has the prescribed voltage
swing and C = Qx » Narrow pulses are used so that there is no
perceptible discharge of the condensers during the pulse, The value
of Cs iz measured by removing the transistor and Cc = Cx - Cs o

4 more convenient method using an inverting amplifier is given
in figeIII-1b. A mull at the oscilloscope indicates that C is
adjusted so that the collector pulse has half of the amplitude of the
pulse from the pulse generator, For a further refinement C is
calivrated in incremental capacity from its minihnm cap&cit& and
shunted by a trimmer which can be adjusted to compensate for the stray
capacity. The collectcor capacity can themn be read directly from the
calibrated ccmdenser0

The collecter capacity measured by this technique is just the
ratic of the voltage change V,«Vy to the charge necessary to cause
the collector voltage to change from Vl to V2 o Therefore, if
this capacity were charged from a constant current saurée, the time
required to charge from Vi to Vg would be exactly the same as the
time required to charge a linear condenser of capacity. Ce under the
same conditions. The actual waveforms would be different of course,
but since charging time is usually of more importance than waveshape
and since conditions approximating constant current charging oceur
frequently in switching cireuits, it appears that the collector
capacity measured by this method is the most reasonable linear ap-
proximation to the collector capaciiy over the particular voltage

range.



It is interesting to deduce the relationship hetween the usual
small signal collector capacity C@S and C@ measured by the pulse

technique., The small signal celleetor capacity is defined as

49
Gy = av (1II-1)

and according to theory {Ref.8) is given by

= KV . (I1I-2)

where K is a constant, V is the collector veltage, and k has the
value 1/2 for step junctions (which diffused juneticns approximate)
and 1/3 for graded junctions (which grown junctions apprgximatﬁ}.

Combining (III-1) and (III-2)

¥
KV av = dQ (IITw2)

which can be integrated to give the charge required to change the

collector voltage from O tc V

2 2
K {le=k ]
T vs ) (ITI-)
from which we have
C
9 Ges )
Ce = V, " 1k {(I11=5)

The value of G, over a range from 0 to V? is thus the product of

a constant which depends on the junction and C

e the small signal

collector capacity at colleetor potential V2 .
Substituting into (III-2) from (III-5) and taking the logarithm

yields X
log Cy = =k log V, + log 7% {III-6)
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Thus 2 plot of Co vso Vé on log-log paper should be a straight
line with slope «k o FigoIlI=2 is such a plot for a number of
diffused junction transistors. It is seen that k does indeed

have a value very close tc the theoretically correct value of 1/2.

The Measurement of ®, 3

The basice eircuit for the measurement of g, is given in
figelllw3., The load resistor ry, is ehosen so small that the ap-~
proximation of equation (IIe13) is valid, Under these ccnditions
expression (II«1l) shows that the amplifier is first orderzfrequency
independent if RC = 1/w, o Frequency independence can easily be
detecied if the circult is driven by a voltage pulse having a very
accurate rectangular shape and the output is observed by a broadband
oscilloscope, The condition for frequency independence is that the
‘output waveshape be as nearly as possible a replica of the input
waveshape, Typical waveforms for a particular transister in the
cireuit of figeIII=3 are shown in figeIIlek as they appear for dif=-
ferent values of C. From this figure it is apparent that it is

relatively easy te obtain the proper value of C,

The Measurement of ag/(l-a@) and mo(l-a@) s

It might seem to be redundant to offer methods of measuring both

w, and m@(l-ac), but from a practical point of view, it is desir-

(2]

able to be able to measure both of these quantities. The measurement

of w, is the measurement of the frequency at which the current gain

of the grounded base amplifier is down by 3 db. The measurement of
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mb(leaag) is a measurement of the frequency at which the current gain
of the grounded emitter connection is down 3 db., These two frequencies
wil}l have the indicated relationship only if & has the postulated
frequency dependence which specifies both the amplitude and phase shift
of a as a function of freguency. It is preferable to measure
me(l-sa@) when the transistor is to be used in the grounded emitter
connection, and w, when it is to be used in the grounded base con-
nectione

The basiec circuit for measuring ao/(lnaao) and w(l=g,) is
given in figeIITw5 o In this circuit r is chosen to be so small
that the ppproximation of equation (II=29) is valid and R2>> T e
Equation {II=~30) shows that the amplifier is first order frequency in=-
dependent if 1/RC = w,(1=2 ). Frequency independence is detected
as befeore by driving the amplifier with a rectangular pulse and ad-
justing the condenser for best output waveshape, Typical waveforms
cbtained during this measurement are given in fig,III=6. It can be
seen from this figure that the proper adjustments are easily made,

In order to operate the circuit, point A is cbserved with a
wideband oscilloscope while C is adjusted for best output waveshape,.
The oscilloscope is then transferred to point B and R2 is
adjusted for null, Under these conditions,

wp(l=a ) = Bz (ITI~7)

(I11-8)

NP
S
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using {II=30)

Ey By 8y L,

" S

E;: R " R(inao)

(III-9)

80

a, R, R
1=-a, Rlﬁ'l;

(TTI-10)

R, may be calibrated directly in terms of ao/(luag) and C may be

calibrated direcily in terms of m@(l-aa) for greatest operating

convenience,

Direct Measurement of the Grounded Fmitter Current Gain Bandwidth
Products

In the transisnt analysis of transister circuits, the product
By @, OCCUrs frequently., If the transistor is usecd in the grounded
“emitter connection, it is to be understood that this guantity is ae-
tually the grounded emitter gain bandwidth product, [ao/ (1w ao)] (l=a @)mo
which, as was shown above, is not necessarily equal to the gain band=
width product in the grounded base connecticn. While this product may
be obtained from the above measurement, it is more convenient to
measure it directly. One circuit which permits measuring this product
over a large current swing at a constant collector voltage is given in
figeIlI=T,

In the absence of an input pulse, the transistor is drawing a

small current I, /(l1=a,). Ey and R are adjusted to give the

desired current 1 and the collector voltage Ec is adjusted to the

desired value by adjusting the clamp voltage E? s 1If a rectangular
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pulse from a low impedance pulse generator is applied to the rela-
tively small input condenser C the condenser will charge to the
peak amplitude of the pulse in a very short time (0.2 microseconds
is a typical value) due to the low input impedance of the transistor.
It is therefore possible to make the simplifying assumption that the
input signal can be approximated by a current impulse of magnitude
EC, Since the transistor has a very low impedance load, the forward
resistance of a diode, the output current resulting from the input
current impulse is given by the product of the current impulse and
the inverse transform of the sheort eircuit current gain of the
grounded emitter stage given by (II-35)., The collector current re-

sulting from the input current impulse EC is then

e, (l=a )t
I e @ ECe ° 0
[4] (&)

¢ (ITI-11)

" No appreciable voltage will be developed at the collecteor until
the peak value of Ic exceeds the initisl clamp current I , If

EC is adjusted until the peak value of I, is just equal to I,

I
a, e, * Fg : (I1I=32)

which provides the desired measurement of the gain bandwidih product.
The principal difficulty in making this measurement is to detect
precisely when the peak value of I, is equal to I since the clamp
diodes do not have zero forward resistance. A circuit arrangement to
aid in detecting this ecritical value of peak current is included in
figeIiI=7. The clamp circuit is actually two dicdes in parallel with

an inductance in series with one ¢f them, The inductance is chosen
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te have a natural period when shunted by the oscilloscope which is
short compared with 1/@0(1-a0) (0.3 microseconds is an appropriate
value), If the current impulse is not large enough to disconnect
the diodes, the induectance cannot ring. However, if the impulse
disconnects the diodes, the inductance will ring, The peak value

of Ic is taken to be equal to I at the first visible sign of
ringing. This is a much more sensitive method of detection than
observing the collector voltage with the oscilloscope. Typical
waveforms obtained during this measurement are given in fig,JII=3.

The wvaluss of grounded emitter gain bandwidth product ﬁere
measured for a number of transistors as a function of collector
voltage and peak current, The resulis of these measuremenis given
in fig,III=%, show that in general ag wg goes down as the peak
current is incrsased and goes up as the colleetor voltage is in-

-oreased.

In the subsequent transient analysis, it is desired to use the
beat average value of a, w, as a constant in predicting the
transient behavior of the transistor in flip-flop cireuits. Although
a, o, is not subject to extreme variation over the operating regien,
figeI1I«7 shows that the choice of the proper value is a matter of
some conjecture unless the transistor is operated at constant col-
lector voltage with a konown current swing., When these conditions
are not met, the value of a_ o, which is used in computation is
the value measured when the collector voltage and peak current are
gpproximately equal to the average values of these gquantities in the

interval over which it is desired to measure a8, Wy o
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IV FLIP-FLOP CIRCUITS

Definitions:

One of the most important switching circuits is the biwstable
eircuit commonly known as a flip=flop. In recent years the meaning
of this term has been extended to include a wide variety of
devices which have two distinguishable stable states which may or
may not be static. In this section a somewhat restrictzd class of
flip=flop circuits (which nevertheless includes the most common
ecircuits) will be examined from a general peint of vie@ to deter=-
mine the requirements on the active elements used in the eircuit,

The type of flip~-flop eonsidered here is a static, bi-stable
device characterized by output signals which are one of two §05n
sible voltage states. It is possivle to cause the circuit te
change rapidly from one stable state to the other by applying
shitable input triggering signals. Circuits based on negative
resistance properties of devices such as point contact transistors
are not considered becszuse junction transistors (and vacuum tubes
as they are normally used) do not exhibit negative resistance

phenomena.

Restrictions on the Amplifier:

The flip-flops to be discussed here can be considered as being
made from a stable three-terminal amplifier, having input terminal
1 and output terminal 2 with terminal 3 grounded, by connecting
terminals 1 and 2 together. If terminal 1 is connected to terminal

25
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To see if flip-flop operation is possible, it is necessary to
examine the singular points of the system. The singular points are
those setis of values of the variables Il’ 12, El’ and E2 for
which equations (IV-1) and (IV«2) are satisfied and for which the
first and all higher derivatives of the variables with respect to
time are zero., Clearly all singular points are points of equili~
briuvm. A singular point is called a stable singular point if a
region in the neighborhood of the singular point can be found such
that a small initial displacement from the singular point results in
smalil displacéments of the variables with these displacements going
to zero as time goes to infinity, It has been shown quite generally
that stabiliiy of singular points of non=linear systems can be deter-
mined from an examination of the stability of the small signal linear
system approximating the actual system in the neighborhood of the
singular point{Ref,15).

In order to meet the design requirement of two atable states,
the circuit formed when terminals 1 and 2 are connected together must
have two stable singular points, It will be ghown that it will alsec
have an unstable singular point; and conversely, that the existence
of the proper type of unstable singular point requires the existence
of two other singular points which may be stabla,

If both of conditions (IV=1) and (IV-2) are imposed gimultansously
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an amplifier which can be used to make a {lip=flop will exhibit un~
stable behavior over some part of the operating region, However,
reither of the conditions can be enforced independently and stable
operation will obtain, For example, current generators could be used
to make Il = ”Iz = I o For every value of I a definite valﬁe of
El and E2 would be determined,

If a plot of El VS, EZ igs made ag I is varied, a curve is ob-
tained which might resemble figeIV-l. Polnts 4, B, and C where the
eurve intersects the line El = EZ are singular p@ints.since the
curve was taken point by point so that all the time derivatives were
zero, For two stable states to exist, points A and C must be
stable singular points., Point B will be an unstable singular point
since if points 1 and 2 were connected together a small increase in
El would tend teo produce a larger increase in E2 which would tend
.to.produce a larger increase in El and So Ole

Unstable singular points such as the one at B, whic¢h can be
shnwh tu be unstable from the zero frequency behavior of the system
in the neighborhood of the singular point, will be called d.c. un-
stable singular points, These points are easily recogﬁi%ed frem a
curve such as fig,IV~l since the slope of the E, vs. E2 curve is
greater than 1 at a do.c. unstable singular point.

Since saturation is a characteristie of all physical amplifiers,
the existence of a d.¢c, unstable singular point requires the existence
of two additional singular points which are not de.c, unstable, The
stability of these points must be determined by small signal analysis

of the system in the neighborhood of the points.



S Y T

In terms of the above definitions, a flip-flop can be formed by
shorting together the input and output of a stable amplifier if the
ampllifier ls such that a deco unsiable singular point is formed and
the additional singular points are stable,

The flip-flop conditions can be put in more useful form by writing
the small signal linear equations for the amplifier in the neighbor-

hocd of point B . These are
i, = Gil ey * Gy €p (1V=3)
Gy @

where the G's are the low frequency small signal admittance parameters
of the amplifier and the lowsr case efs and its are the differeﬁ@es
between the actual currents and voltages and the values they would
have at point B ,

Since the amplifier is unconditionally stable,

3 - 3 - .\
Gy Gop = Gyp Gy > O | (IVely)

When 1 is connected to 2, the admittance equation for the resulte

ing network is

iom (G * Gy, * Gy + Gyy)oe {(IV<5)
and since this is to be unstable,

Gy * Gop * Gp + Oy < O (1V=5)

This inequality is sufficient teo assure that singular point B will

have the proper type of instability.



It is shown in the agpendix that a corsequence of inequalities

{IVel) and (IV=G) is that the short cirewit current gain Ao I8

[Aac] = i,ul ! (x-1)

and the open circuit voltage gain Aoc is

G’21'

Gci Lﬁy Yy
(.» e

|4 (TV-8}

. 2 .
£

Therefore, a stable amplifier which is to be used to mako a fip-flcp

by shorting its input to its ouiput must have at the centrsl singular
noint both deoce open circult vellage gain greater tha one and d.c.
shart elreuit current gain less than minus one,

The diseugsion thus far has been concerned primarily with these
conditions which preduce doce instability at the central singular point.
It is egually importsnt for flip~flop operation that the cifcuit,be
stable at the extreme gingular points, At either exirsue singular

point, small signal linear equations can be written

L, = Yyye v 158
(IV=9)
i, Ty g + Yyp en .

The condition for stability when the input is shorited to the owipub is

Tom Ygy Yy Ty P (IV-10)

have no zeros in the right half=-plans,
It is impossitle to discuss this function unlesg the aature of

ihe non=linearity is specified, In one very important spscisl zase,

whish is the anly one of concern hersz, the amplifisr has szero small
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gsipgnal gain for all frequencies at the extreme singular points, For

this case, the extreme singular points are unconditionally stable,

Poasible Fllp=flop Circuit Configurationsg:

The above theory can be used to discard a large class of poten=
tial flip=flop amplifiers. In particular it has ‘been shown that it
is impossible to construect a flip-~flop consisting solely of grounded
base stages since it is impossible to get dece short circuit current
gain greater than one in absclute value in the grounded base comnec=
tione  Similarly, it is impossible to conatruct a flipeflop consisting
solely of junction transistors in the grounded ecollector connection
since it is impossible to get de.c. open eircuit voltage gain greater
thén cne in the grounded collector connection, It is possible to
construct a flip~flep using a grounded base stage for voltage gain
‘and a grounded collector connection for current gain. The grounded
emitter stage provides both current and voltage gain great@f than
one in absolute value, but it alsc causes a phase reversal which
makes it necessary to use two transistors in this connection to
construet a flipeflop. Thus, the minimum number of junction tran-
sistors required to construct a fiip~flop circuit is two, and these
must be arranged either as a grounded base stage with a grounded
collector stage, or as two grounded emitter stages,

Some insight into the relative usefulness of the two possible
junction transistor flip=-flops using no more than two transistors
can be obtained by considering the analogous vacuum tube {lipeflop

circuits, for the preceding theory also shows that there are just
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two possible vacwum tube flip=-flep circuits using only two tubes.

The first of these circuits, using twe grounded cathode tubes,
ie the familiar grid to plate coupled eircuit which is analogous
te the transistor flip-flcp using twe grounded emitter stages, This
will be called the symmetric flip-flop because of its symmetrical
complementary output signals and because it can be triggered in a
symmetrical way by identical pulses applied te different but similar
parts of the circuit.

The second vacuum tube circuit, the cathode coupled flip=flop,
uses one grounded grid and one grounded plate stage. This is anale-
gous to the transistor flip-flop having one grounded base and one
grounded collector stage, This eircuit will be called the unéymmetm
rical flip-flop. It has the disadvantages of having only one output
(this can be overcome by a eircuit modification) and of requiring
' uﬁsymmatrical triggering, These disadvantages have made the cathode
coupled flip~flop relatively uhnsed.

It appears that the symmetrical transister flip-flop will also
be much more generally useful than the unsymmetrical flip-flop.
Therefore, the detailed design equations are derived f@r that type

of flip-flop.
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vV STATIC CONSIDERATIONS IN THE DESIGN OF SYMMETRIC
JUNCTION TRANSISTOR FLIP-FLOPS

Static Design Objectivess

The goal of the static design of flip~flops is to assure that
the circuit will have two stable states when it is required to supply
or absorb a specified load current and when there are specified
variations in transistor and circuit parameters, temperatﬁre, and
supply voltage. Other topies of practical interest such as the
determination of the required trigger signals and the tfansient

waveforms after triggering are discussed separately.,

The Basic FlipeFlop Circuit:

The junction transistor flip-flop chosen as the basic circuit for
consideration here is given in fig.V-1l. The reasons for choosing
‘this particular configuration will become clear as the design criteria
determining allowed values of the varicus ecircuit elements ére dis-
cussed. It may seem that the inclusion of clamp diodes to limit the
collector voltage swing is an unnecessary luxury, and indeed this may
be true in certain applications, However, it is presuhed that the
flip-flops discussed here will be used as standard elements in
digital computers axd will be expected to drive logical gating net-
works. In this application it is highly desirable that the flip-flep
be capable of supplying or absorbing specified currents at specified
voltages which are essentially independent of the load ecurrent as
long as it does not exceed the specified value., The clamp diodes
provide a convenient way of accomplishing this objective. In some

applications, the lower clamp diede could be eliminated and
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transistor saturation used to set the lower voltage. If this is
done, the minority carrier storage effect limits the ability of
the irigger pulse to turn the saturated transistor off and the
high speed operation of the circuit is impaired,

The following treatment will develop a technique for syntﬁesizing
cireults of the form of fig.V-1 meeting physiecally realizable design
requirements, In the process, the limits on realiszability imposed by
the transistor will be explored so that reascnable requirements can
be specified and intelligent criteria for the selecti@d of transistors

for use in flip~flops can be set up.

The BStatic Flip-Flop Cireuiti:

The static flip-flop design informatien can be obtained from
consideration of the circuit of fig V=2 which is just the circuit
- of fig.V-1 after removal of all of the circuit elements which do not
have current flowing through them when the circuit has reached steady
state conditionse

In accordance with the spproximations discussed in part II, the
collector and base leads of T, the "off" transistor, have a tem-
perature sensitive current Icon flowing through them as indicated
on the figure, I@p y the collector current of Tp , the "on" transis-
tor, also contains a temperature sensitive part for from squation
(III-1)

I 2 a8, I

ep Ie

ep * Teop * (v-1)

Since

I@p = Ibf) + Icp . : (V-Q)
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the base current of Tp in terms of its collector current can be

written as

(l=a,)
Top = Teop a, = ° (V-3)

The current through the common emitier resistor is just the

emitter current of Tp, so the common emitter voltage is

By
In the following discussion it is assumed that conducting
dicdes D, and DB have sufficiently low impedance that the cole-

lector voltages of Tp and Tn can be taken as Ep and Eﬁ
regpectively. Ip and In sre thus currents which ceuld be\supplied
or absorbed respectively by an external load without materiasily af-
feeting the collecter voltage of the transistors. It is also assumed
tﬁat the base to emitter impedance of the conducting transistor is so
low that the base of the conducting transistor has the same potential
as the emitter to simplify calculation of the base current. Actually,
the emitter to base voltage is a function of the emitter current and
may be as high as a few tenths of a volt, but this ié generally neg-
ligible compared to the collector voltage swing.

The base voltage of the noneconducting transistor is given as

Ee = & , The transistor will be cut-off for all 6>0 .

The Selection of E, = B 3

One of the difficulties of flip=flop design is deciding where to

gtart since a number of the variables may be chosen arbitrarily. The
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point of view adopied here is that the nominal voltage swing
EEU"EP is the first thing te specify sinece it is normally deter-
mined by the e¢ircuits which are to be driven by the flip=flops
For stability, the voltage swing must be chosen to be large com-
pared to the expected variations in the voltages to which thg
collector is clamped and the pogsible voltage drops across the
clemp diodes, btut it must at the same time be smaller than the
maximum collecter veoltage rating of the transister,

With presently available transistors a practical upper limit
for the voltage swing is perhaps 30 volts although many transis-
tors with higher voltage ratings have been produced., It will be
shown from power considerations that high values of collector swing

and high values of Yon" current cannot be achieved simultaneously,

Selection of the Maximum Coliector Current:

The most common design objective is te obtain the largeat pos~
sible avallable load current from the flip-flop consistent with the
desired swing and the capabilities of the transistors; To meet
this cordition, the largest possible value of maximum collector
current is chosen. Cne way of choosing this is to use the maximum
collector current rating of the transistor, although there is con-
siderable experimental evidence to suggest that the maximum current
rating can be exceeded without damage to the transiétor if the power
dissipation limit is carefully respectled.

It iz important to choose a value of maximum current which will
prevent the average collector dissipatien from exceeding the rated

value even under transient conditions. The average collector power



dissipation can be calculated for the maximum possivle trigger rate
by the methods to be presented for the tramsient analysis of flip-
flop circuits. Unfortunately, this is a labeorious process. For
design purposes, an approximate rule-cf-thumb method of assuring
that the average collector dissipation will be below the rating is
vastly more convenient to use.

In fige(Ve3) the grounded-emitter collector characteristic of
a typieal transistor ig plotted together with a hyperbola repre-
senting the rated collector dissipation of 0,Ch watts. On such a
diagram, a streight line connecting the two points corresponding to
the two stable states of the transistor gives a good approximation
to the average path of the state point during the flipping cycle.
For the idealized case; one point would be at E = EncoEp, I=20,
and the other point would be at E = 0, I = I, where .Im ig the
maximum current that should be drawn by the transistor. 7The line
connecting these two points would be tangent to the rated bﬁwer

dissipation curve., If the rated power is P,, the equation for

I-Q
such & line is
4 P, '
— I (BB *E). (V-5)
- T V2 n
(En Ec’

The relationship between the maximum current which should be drawn

and the voltage swing is then

L P
Im B e (Vué)

En - Ec

This relation will be regarded as a convenient approximation

relating the voltage swing and the maximum allowed current to the



power rating of the transistor. Il expresses one of the important
ways in which transistor characteristics limit flip~-flop design.
As a factor of safety ii might be desirable to use a power somewhat
less than the rated power in (V-6), but experience with flip-flops
designed with Pr equal to the rated power seems to indicate that
such‘a procedure results in excellent transistor life.

On the basis of these copsiderations, it is pessible to choose
a value of IS, the maximum current which will be drawn by the
transistors in the flip-flop, Is should not exceed im’ but it

may be less than Im either because of a current limitation of the

transistor or because it is desired to conserve power,

The Selection of Rh and Ep--E3 :

The first consideration governing the choice of these parametiers
is the necessity of keeping the static power dissipated by the tran=-
sistor in the "on" state helow the rated power dissipatiano The
operating point of the transistor having the collecter‘charaeteristies
of figoV=3 can be found by a simple construction, The collector
voltage referring to fig.V=2 is just Ep - EB ~(T©~%Ib)Rh so a plot
of the line

E = Ej =By =(I,+I )R, | (V=7)

on the colliector characteristic of fig,V=3 is the locus of possible
operating points. The operating point will then be determined by
the base current supplied to the tramsister. If the locus of pos-

sible operating points lies entirely within the region under the



- Bl o

rated power curve, any transistor which is put in the cireuit will
operate within its rating. It will be noted that the locus of
possible operating points is always farther from the rated power

curve than the straight line

os " 3
E = E -E ~I, B (V=8}

regardless of the current gain of the particular transistor, There-

fore, 1if the circuit is designed so that the line (V=8) lies entirely

within the region under the rated power curve, any transistor which

might be put into the circuit will operate within its power rating.
The maximum power dissipated along line {(V-8) is

v“E)Q k
R Tk 1 £ (V-9)
bRy

Ordinarily & safety factor K@ is employed to make

P = Kp Py,
where Kp is a number less than one, Thus one relation between

Ep - EB and Rﬂ is
bK, PR = (B - By)? (V-10)

which assures that the collector dissipation in the “on" state will
always be less than Kﬁ Pro

The second condition on Ep - E3 and R) results from the
necessity of limiting the current drawn by the flip=-flep to I .
This is accomplished by designing the flipeflop so that the tran-

gistor will saturate when I, = I o Since this will occur only



with high values of current gain, a good approximation which sets an
wpper limit fer I, is to assume that Iy is szere so that satura-
tion occurs al the intersection of the straight line (Ve8) and the
saturation line, point & eon fig.V=3 , If the slope of the satura-

tion line i3 R', the saturation value of current is given by

I = s (V-11)

s R& + Rt

The value of R' depends on the type of transistor and it
also varies from transistor to transistor within a given type. Dif-
fused Junction transistors have a value of RY' whieh is so small that
it can be taken to be zero for most purpeoses. Urown junction transis-
tors may have values of R' of the order of 200 ohms which may not be
negligible in determining saturation current, The vaiue of R! to be
used in {V=11) is the minimum value for the type of transistor to be
used since this is intended to define a maximum value of thé saturation
current, |

The correct choice of Rh and Ep - E3 satisfies both (V«10)

and (V<11}. Solving these equaticns simultianecusly fer Rh yields

2K, P, L 2K P R' I8 /2
R = ~2.r 5- = R+ —I‘Qum? (e ) {V=12)
Ig* s pr
I R’:R?/K% P, is much less than one, this can be approximated by
ad

r
R, = —wgwﬁv- - 2 RY, (V-13)

In practical eircuits it is usually desirable to use standard

values for the resistors. To obtain a standard value for Rb from



(V=]2) or {(V=13), an approximate value for Kﬁ is chosen and &
valus of Rﬁ iz computed using one of these equations. This
value of Rh will not be a standard value in general so the next
smaller standard value is chosen. This results in & slightly
smaller value of Kb than that originally chosen, but this is
inconsequentiale

The value of Ry (and therefore of Kp) should be chosen to
be as large as possible conslstent with long 1life of the transistors
because the rate of change of collector current with respeet to a
is smaller for larger values of Ry o This statement, which will be
proved presently, indicates why the particular circuit arrangement
with a common emitter resistance was chosen., Maximum power dissipa-
tion could have been limited by resisteors in the collector circuits
between the collectors and the clamp points, but this would have
resulted in a smaller range of B for a given range of collector

current than the circuit chosen,

Once the value of Rh is chosen, the value of E, = EB is
obtained from (Vell).

This treatment has assumed that the power supply voltages are
entirely arbitrary which is the usual case for computing circuitse.
If the power supply is limited to certain standard values such as
multiples of 1.5 volis, the next value below that caleulated for
(Ep e EB) in (V=11) may be chosen with a slight reduction of Ig

and a negligible effect on the final design of the eircuit.

Design Tolerances:

In digital computer circults where many flip-flops are used,



reliability is of primary importance. Since it is impossible to
maintain zerc tolerance on power supply veltages, resistance
values, and transistor parameters, it is imperative to design the
eircuit to supply certain minimum available currents and have two
stable states with a specified tolerance on every circuit paraﬁeter.
It was unnecessary to consider tolerances on Ep - EB and IQE
in selecting nominal values of these parsmeters because of the use
of the safety factor, Kﬁ ,:which.is sufficient to prevent normal
varistions of these parametérs"frém causing excessive collector dis-
sipation, However, the remainder of the static design problem must
be approsched with the knowledge that every circuit parameter has an
allowed variation which must be considered. For this purpose it is

convenient to introduce the following notation:

A Eq & Ry
14—g—= & 1+ - ¢
‘ % 1 R1 9
B By b By c
A B, AR _
1e g & 1ot €&y
AE A
1-T=n Eh 1...'32m 12
2 By {Va1l)
A E. AR
- & 3= €&
L z% 5 P 13
AE AR
| i I
LI *a € 1 , 1
Leg o & S T
AE
1 - D= 58 ]-9_&& 516

5
&



where the A's represent the allowed deviation in the particular

parsmeter,

E3 has been arbitrarily chosen as the reference potential and

therefore has no variation.

The Selection of Ry, By, By, Icp(min) and a, (min) :

The nodal equation at the base of the conducting transistor is

. (Qeay) Icop EX" Ey ‘
% " tep i, " ag R?p W“E (R?p R’ﬂp | (¥=15)

and at the base of the non=conducting transistor

1 Ep Ez

1
E(RQ "R, " Fan “Toen ™ ﬁ;— 'R';"”) = 0. ‘(va-m)

If the inequality is satisfied and I, and Ip are both greater
than zero s¢ that E, and Ep are determined, the flip=flop will
havé two stable states.

Eliminating By from (V-15) and (V-k) and solving for the col-

lector current gives

E E I
LN _2_ . ( Teop = Ex) ( 1 ) o 808
Bop By A P73 Rep B
tep ) {Vel7)
p i = @,@ R’h
™ (____a & ___,_}
Bg ) RQp el
The derivative of this with respect to a is
cp _ ep T Ry Fgﬁ 3 Bpp © Ty
de 1 1 (V=18)
¢ bea, * B v 5o
P 3p

.H.
“

which proves the assertion that the circuit sensitivity to a
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materially improved by the presence of R if Rh{,l/ﬁzp‘# 1/R3p)
is appreciably greater than lwsg

o ¢

If E, is eliminated from (V-16) by using (V=15) the result

is
Bop Fap Bon*Ryp) [ By By Ioop _ Iepll-ao) (V-19)
Fon Ryp (Rpp *lypy By By % %o
E E
e 2
- g&”ﬁ;;”’lcon > .

Replacing particular resistance values with nominal values plus
or minus tolerances chosen to make the inequality most difficult to

satisfy makes it possible to write the worst case of (V-19) as .

Ry €47 By 613(}2‘:? €40 * By clb) Fn €8 Ea Ic:op - Icp(l‘-'?%z)

s

&
Hy €12 By 8, (B €0y * By 8yy) | ey By8y3 8 ag

(V=20)

Ep & E
R &yo Rg 51}4 con
where consideration of what constitutes a worst case of terms in-
volving currents and Ey has been temporarily deferred,
By making the reasonable assumption that the tolerance on Rz

is equal to the tolerance on Ry

611 - 813 and 512 = 61h : (V=21)

and (V«20) becomes
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11 [ @@Ez - Icp (l' QO) “’Icon % En 8 (Vﬂ2?>
612 a@ ac % 612
smallest value
E el
- _E:i‘z >0.
Rpé&yn
From {V-17)
E £2 B 1,1,
. n 2 . cop
- s I C-oni T + b —
l@pil_ aﬂz . By Ry (7, ‘cop ug)(ﬁzp Rap By ;
®a By, 1 (V=23)

1
= +
1+ lea, ( REP RBP

which approaches zero as &, approaches one, Thus, the werst case

of Icpiluao)/aa in {V=22) occurs when Iep

minimum allowed values, which reinforces the intuitive belief that

and a@ have their

transistors having high values of a, should be more stable in a
particular circuit than transistors having lower values of ag e

‘The terms involviag I, in (Ve23) and (V-22) almost cancel

op
leaving a small term which tends to make the ineguality easier to
satisfy. Setting Icep aqual to zero in these equations contri-
butes a very small error in the safe direction for the worst case,
The worast case for 'Ic on is the maximum value that any transistor
can have at the highest temperature at which the circuit will be
operated, Using the symbol I(3 om for this maximum allowed value of
Icc»’ equation (V=22) can be rewritten in the form of a design in-
equality for R, as

R < B, €5 - By 65

2 1-a,{min) - (V=24)
Tewm €10 + €55 I (min) S
com =~ 12 1 -
1 “ep aoimni

Eliminating E_ from (V-16) by using (V-}) gives
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R | i 1 2 By
b (I,, =1 _)+E *gE ) - ez =1 = 0. (V=25)
[%3(® cop 3 @m '%n %n R..jm con :

Y
[

By selecting E3 as the reference potential so that E3 is zero,
solving for R3 and using the worst case of component variation,

(V=25) can be written in the form of a design inequality for R, as

I, (min)e=1
ep com

Rp€y, |66 (T ammy ) 2%

Top(min) = Iy T (Ve26)

ag(min) )+ Toom B €12

€13 Epé'Se Rhflé(

In order to meet the condition that the impedance looking from
the base of the "on® transistor intc the network be large compared
to the impedance looking into the base, R3 must be greater than Felch o
haps 5,000 ohms, On the other hand, high values of E@ may
undesirably increase the recovery time after triggering.

" The value of E, in (V=26) is simply chosen to give a desirable
value of ﬂB o In most cases this can be accomplished, and a power
supply can be eliminated, by setting E2 = EB =0 .

The choiece of Icp(min) and an(min) to be used in (V-2L) and
(V=-26) depends on the transistor variation that must be tolerated
and the required available current output of the flip-fiop. lcp(min)
must of course be chosen to be less than Is and might be from 0.5
to 0.7 of I, o As a  changes from a (min), the minimum accepi-
able value of 2, s to ao(max), the value of a, which results in

I_, the collector current varies over its allowed range., Therefore,

a?

the greater the allowed range of collector current, the greater the

tolerable range of a, for the transistors used., Furthermore, from
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{(V=18), smaller values of ao(min) result in larger tolerabls
ranges of a, .

It is not pessible to choose arbitrarily small values of
a@(min) and Icp(min) hewever, because smaller values for these
quantities result in smaller available output currents. Thus é
cholce of these parameters requires a compromise betwsen conflict-
ing objectives., An approximate equation relating the available
output current and ao(min) and Icp(min) is derived in the next
section and can be used to help resolve the conflict.

It is seen from (V-17) that I,, is a function of R, and

B
RB go it is not possible to obtain exactly the chosen value of
I@p(min) and a@(min) by satisfying the design inequalities\f@r
R, and R3 o If R, and R3 are chosen to be as near to the
equality as possible, the value of I, obtained for a (min) will
be very close to Icp(min). It is alsc desirable to use values
near the equalities because this results in larger available output
currentse. The advaniage of a design procedure using iﬁ@qualities
is that it permits the selection ef standard wvalues of resistance

which is practically of much greater value than the ability to

specify in advance the exact current for a given value of a, o

The Available Output Current and the Selection of Rl and El :

The nodal eguations at the two collectors are

= Ioon (V=27)



and
By = Eg

N

P ‘ I@p ) R’]_n Rzn

* (Vﬂa28))

These values of In and Ip will.change with variations im the
circuit parameters. However, there are certain values of In‘ and
Ip, designated I , and Ipd» which will always be exceeded rew-
gardless of allowed variation around the design values of the
parameters, Xnd and Ipd are the useful output (or input) cur-
rents of the flipeflop since they can be supplied {or drawn) for
all variations of the parameters within the designated tolerances.
Using the notation of (Velh), the worst case for I, and I,

2
can be written

By €p = B 87 E Eq = E,(min)

Lnd = B’l 69 R? 612 IC@m
’ (V=29)
&, =B &, ! & Ry elé(ch(min) = Loom o1
By &g By€yp | ™7 a (min) com
and
' By &y = By €
. 1“1
Ipd = I@p(min} - Bl €10 * - {Va30)

For stabllity under all allowed parameter variations, both I g
and Ipd. must be greater than zero,.

An approximate solution for the sum of Ind and Ipd obtained
by setting all the €'z equal to unity, approximating E, = Eg Dby

Em - Ep s heglecting cut-off current terms, and using RQ given by

the equality in (V-24) is
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I * Ipg = Igplmin) (2 - ;{;@%ﬂ)— En‘fgif“ﬁ . {(V=31)
A11 of the terms which have been neglected tend to reduce this sum.

This equation gives some insight into appropriate values for
Icp(min) and ao(min} and shows in particular that a flip»flép
of this type cannot be made with a®<21/2 o Lt also showsg that the
total available current is essentially independent of El' so that
it can be distributed as desired between I@d and I,y by varying
E; onee B, is chosen, and it shows that Ry should be large for
maximom useful output current.

The transient analysis will show that the time required for the
flip-filop to change states is reduced for large values of ﬁl;
hence from two points of view, Rl should be chosen to be as large

as possible, The difficuliy with large values of R, 4s that they

L
result in large power dissipations in El since El must also be
large. This suggests the possibility of choosing Rl to be as
large as possible and still dissipate ne more power than a certain
specified value, Py »
The maximum power dissipated in Ry 1is given by
(8 €, - B, 65

P, = Ve32)
1 k€45 (

which can be solved fer By to give
B, €6 + (Py Ry E30)1*
€1

y (V=33)

Substituting this value of El into (V=29) and solving for Rl

yvields
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- 1/2
Ny = 2N N, + N, (1 = 3N Hpy”
R Bl B —y
2N1
where
&y = E_{min)
N " 1 haa * feam ” * : £, 9
co 212
€6 €2
Np = By 67 - Ep € (Vw35)
€a.2
N, = (=2 .
» (6'1) 61@ Pl
Similarly, substituting (V-33)} into (V=30) gives
P
1
(V=36)

S 3 Z

The value of R’,l obtained from (Veilh) or {V~36) will mot in
general be a standard value of resistance. If the next lower stand-
ard value of resistance is chosen and the appropriate value of El
is caleulated from (Ve29) or (V=30) the resulting dissipation in
31 will be less than Pl °

The specification of the maximum power to be dissipated gives
one relation bstween Rl and El » 1t is therefore no longer pos-
sible to specify both Ipq and 1,4 and solve (V=29) and (V-30)
for R, and E, . If the maximum power is not specified, it will
be found that the oondition for physical realizibility on El, that
it be positive, will limit the permissible choices of Ipy and Ipg
to values such that their sum is appreciably less than Icp(min).

Morgever, if either I,4 or Ipd were chosen, it would be found

that larger values of the other current within the permissible range
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went with larger values of By and with increasing dissipation in
By . By specifying the maximum power dissipation, it is possible
to seleet either I@d or 1,4 and the maximum power, secure in the
knowledge that the other current will have its maximum value consis-
tent with the specified power dissipation,

With this approach, the condition for physical realizability of
R, is revealed in equation {V=3L) for since R, must be real,

b N, N,

N

< 1. (V=37)

Since In62:09 the most favorable case oeceurs with Imd = ) 50 that

flip=-flop operation is possible if

2 | .

1% Iif 212 [Em€7 - Epfié’fg] [ com * ]}

10 €2 1 Ry €12
{V=38)

An& larger value of power dissipation can be chosen and flip-fleop
operation will be possible. The value of P; which should be
chosen depends on the overall design objectives and must be left to
the discretion of the circuit designer.

The choice of Ipd or Ind as the current to specify depends
on the load which the flip-flep is to drive, If the loading is to
be primarily to positive potentials, Ind is specified to be a small
current which allows the remainder of the available current to appear
as Ipd» the useful current in thié case, Conversely, if the loading
is to be primarily te negative potentials, Ipd is specified as a

snmall current so that the remainder of the avallable current will ap-

pear as Ing, the useful current in this case.
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Sample Design of a Symmetric Junction Transistor Flip-Flop:

The preceding theery has provided enough information to complete
the static design of a symmetric junction transistor flip-flop, As
an illustration of the application of this theory 1o & practical de-
sign problem, a sample design will be caleulated based on the |

following asaumptions:

1. The transistors to be used are n-p=n diffused junction
transigtors having a peak collector voltiage rating of 30 volts, a
eollzctor dissipation rating of LO milliwatts, and negligible cube
off current at room temperature.

2. The output voltage swing should be 10 volts and the avail-
able output current should be as large as possible,

3« The flip-flop should be required to operate a2t roam tem-
perature only, but it should tolerate S¥ changes in the registan@e

valuas and 10% changes in the supply voltages,

The saturation value of the collector current for this design is

taken to ve L given by (V6)

bp o hxeoOk .
Is b Im - En-Ep 30 o016 AMP (V—DBQ)

Since the transistors used are the diffused junction type, R®
can be taken to be zers in (V=13), The value of Kp which is

chosen is 0.7. The resulting value of Rﬁ is

iy K B bx 0,7 x 0,0k
By = 2z " 0.016%
s

= [36 ohms, (V=h0)
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The pext smaller standard valus of resistance is 430 ohms, so this
is chosen as the design value.

Ey 1is chosen to be zero, and K, computed from {V-11) as

e

Ep = I, B = o016 x 430 = 6.9 wvolts. (V-l2)

Seven volts is used as the design value since this resulits in a
negligible change in the saturation current. To get the 10 wvols
swing, E, is therefore 17 vdits.

Because of the specified iolerances on the resistors and supply

voltages,
61 ® 53 = & ¢ = E? = 101 (Vuhg)
€2 = 63‘; ® €6 & 68 - 009

69 & 611 @ €] - €‘£f - 1’05

€ = W k]
10" %1 - fu €6 0e9%

It is now necessary to selec! an approximate value of Icp(min}
and a value of a,{min). The value of I@p(min) must be appre-
ciably below Is to alliow a practical range of values of a, .
For this design Icp(min) is chosen to be (0,01 amperes, and
aO(min) is chosen to be 0,95. The choice pust be conditioned by

the available transistors and the desired outputeurrent,

The walue of R2 can now be caleulated from (Ve2l) as

b, Eg~E; &g a,(min)

Ry S ; Y {Veuly3)
2 € 11 Icp(mlﬂ} 1 =a {min) :
- (17 X 002 il T X 101l 0095 1307% x 103 ths

1o05 x 0.0k x CaG%
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The next smaller standard value of resistance, 13,000 ohms, is

chosen as the design value.
Setting E? aqual te zero permite the value of R3 to be
galculated from (V-26) as

Ry €16 IQD (min)

ne 2K - (Vb
37 613 Ear = Ry €16 Icp(m‘in)
R =
[+]
3 p 430 x 0,95 x ©.01
13 x 107 x 0.9 0695 . 3
* 1,05 | L0 0.0l 058 ® Me85x 10
7 X lol bl 0.95

Again, the next smaller standard value of resistance, 13,000 chms,
is chosen as the design value,

Using an approximate expression fer Py in (V=38)

. - B 2 o
pos WEn =BTk x30° e e (V-45)
1 R, 13x 103

It is appawrent that flip-flop action will be possible if appre-
ciably more than 0403 watts are dissipated in Rl . For this
design, Pi is chosen to be (0,25 watts, This is a convenient value
because it permits the use of half-watlt resistors derated by fifty
percent, a practice which is common in the digital computing field,
For the kind of gate circuits which would ordinarily be used
with this flipeflop, it is desirable to have most of the available

current appear as Ipd o Therefore, I is specified as 0,001

na

amperes and an approximate value of R, is computed from {Vee3ls)

using (V=35) and (V=4} ,
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R Eqg I (min)
. o k€16 “ept - 30 x 0695 x 0001 Toh£N
E (min) = a@(min) .95 = o3 {V=hi&)
E ~ E_(min)
7~ %a
No= LIg €+ & L
i md =37 %9 By 12 ,
(Veels7)
N . .L?Kl.l had Ihg} y ? ,,”3
= G001 X 1,05 + 1,0 = 2,273 x 16
X le 5 4 [ 5 13 % 10331‘95
. €¢ € - 1X o9 X o9 |
Ng EXI 6? = Ep -‘é;"‘ = 17 X 1ol e “*—mﬂﬂﬁ” ; 13:05)’& (V“'h8>
62 : E 3 fg 20 = £ Veiit
NB ] (-E-* 10 Il = (1 ]) XI5 X625 = L159 (V-b9)
. LMy Np 172
By ® (v=50)
2 Nl

, ,} Lx2,273x10 33&1”%) 1/2
00159"232.273&10“"’)3{1335&"9‘ a]59(1¢' ‘ .}5)9 ’

2 x (2,273 x 10~3)%

=

= 16665 x 10° ohms.

The next smaller standard valve of resistance, 16,000 chms is chosen
as the design value.
Solving (V=29) for E1 and substituting into the resulting ex-

pression glves

B &
E *Ln i 4 j. : {E = } .
1" 7E, [lnd B &g+ R, &y n €7 E (min) &Eng‘?]
1 3 L 10X1¢@5
© 55 (1000 x16 %107 x 1,05 + 7577552 (17x 141 = ba3)* 17 x 1.1]
o 6193-‘, volts. (V-Sl)

The value of 'Ipd is obtained by substituting inte (V=30) as



E& -5 &
B €y

619h X lel = 7 X 09
= 0.0 = 36% 103 x 95

La = Igplmin) = (V=52)

= (,00596 AMP

‘The value of a, which will give the saturation value of current

can be computed by solving (V=17) for a, and using the tolerance

notation to write the worst case as
1
R, € )+ 1]
Ig = mm[ L 16(1‘&26‘12 R, € (Vs
a (max} = E Cu-{? E2 6"3 { 1 ___...]?.__.\ (
+ }: l L] ﬁ 6 ( c E /

<016

* HELL e DoEsmEry T ™
13X 095 x 103 ® 13x103 X .95

This completes the static design of the flip-fleop which will
_supply a load current of 1 ma, at 7 volts when loaded to a negative
potential and will absorb a durrent of 5.96 ma. at 17 v01t$~wh@n
loaded to positive potentials if the transistors used héve values of
a, less than 00,97k and greater than 0655 for any possible variation
of the resistbrs within 5% of the design values and any possible
variation of the supply voltages within 1O% of the design values.
The flip-flep will be stable for higher values of a,, but the tran-
sistors will be saturated in the Yon" siate and will become
progresgively barder to trigger as ay incrsases. The unleoaded
flip-flop will be stable for smaller values of &, , but it will

no longer be able to absorb the design value of load current,

The nominal values of the resistors are Ry = 16,000 ohms,
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'Rg = R3 = 13,000 ohms, and Hh = 30 ohms. The nominal values of
the supply voltages are E1 = fl.k volts, Ey = E3 = 0, Ep = 7 volts,
and En = 17 volts.

Transient considerations which govern the selection of the re-
mainder of the parameters of the flipefiop will be discussed in '

detail in part VI,
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VI TRANSIENT CONSIDERATIONS IN THE DESIGN OF

SYMMETRIC JUNCTION TRANSISTOR FLIP=-FLOPS

The transien®t analysis of flip-flop behavior makes it peossible
to compiet@ the specification of the parameters of the flipmf1@§ and
to determine the triggering requirements and flipping times or pere-
haps output waveshapes. 4n additional, and perhaps even more important
result, iz that sufficient insight inte the practical ﬁf@blem of select-
ing transistors for use in high speed flip-flop circuits can be gained
to permit satisfactory criteria for transistor selecti@n.ta be
established,

For the traasient analysis of the behavior of the flip={lop cir=-
euit after triggering, it is desirable to consider the case whe?a
the flipeflop is used to drive a capacitive load to ground., Any
r@sistive load can be considered to be in parallsl with the load
registor Rl and therefore simply changes its numerical value and
the value of the potential %o which it returns. In practical cir-
cuits, the load is often a diode gating network so it is.n@t
necessarily true that the load is the same for positive going
signals as for negative going signals, Furthermorse, the two oubput
loads are not necessarily balasnced. For design purposes, il is suf=
ficient to choose the circuit constants for satisfaclory operation
with the maximum anticipated value of load capacity siﬁce‘M@ eircuit
always performs better with smaller values of load capacity.

It is unnecessary o complicate the transient analysis by in -

cluding the effect of tolerances on the components since the
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transient performance of the flip-flop is not eritically sensitive
to small variations in the parametsrs which are selected on the
basis of the transient analysis. However, for detailed accurate
prediction of the behavior of a particular circuit, il may be
necessary to make calculations based on the values of the components

in that particular circuit,.

Notation:

The transistor which is initially conducting is denoted by Tp

and the transistor which is initially nonecondweting is denoted by

Tn o The subseripis p and n will be used generally to refer to

gquantities which are related to these transisters, Thus, Ccp

CLn is the load capacity on the

is
the cellector capacity of Tp »
gollector of T, , ete,

It is necessary to consider a number of different @pérating
regions for each of the transistors in the flipeflop. 4 region is
characterized by the fact thalt & particular set of egquations may
be used te deseribe the behavior of a transistor in a given regicn,
¥When the transistor enters a new region, the equations describing
its behavior must be changed, A complete solution to the transient
problem is found by finding solutions in each of the operating re-
gions and matching boundary conditions,

The rising waveform at the collector of Tp is analyzed in
three operating regions, Region 1 starts with the trigger pulse
and terminates when the base of T, starts to conduct, Region 2
starts when the base of T, starts to conduct and terminates when

the eollector voltage of Tp rises to En . Region 3 starts when
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the colleetor wveltage of Tp rises to En and continues indefinitely.

The falling waveform at the collector of T, is analyzed on the
basis of four operating regions. Region A staris with the trigger
pulse and terminates when the base of Tn starts to conducts Reglon
A is identical in time with region 1, Region B starte when thé bage
of T, starts to conduct and terminates when the collecter current
of T, becomes equal to the clamp cwrremt I, . Region C starts
when the cellector current of T, becomes equal te I, and termi-
nates when the collector voltage of T, becomes equal te Ep °
Region D starts whenthe collector voltage of T, becomes equal to
Ep and continues indefinitely.

Regions B and C must be further divided intec sub-regions which
depend on the region of operation of the collector of Tc « Thus,
regions B2, B3, €2, and C3 are possible operating regions for the
.ccile@tnr of T, depending on the operating region of the collecter
of T. « Not all of these sub-regions are possible in one flipping
sequence since as time passes the operating region must progress in
numeric or alphabetic sequence. The most common sequence of operate
ing regions for the eollector of T, 1is A, B2, G2, 03, D. The only
other possible sequences are A, B2, B3, C3, D; A, B2, C3, D; and
4, B2, C2, D, It is not necessary to consider sub-regions in regiom
D because the transient is effectively over when region D has been
entered,

The time of arrival of the trigger impulse is taken to be t = O,
The time at the end of a region ie dencted by t with the subscript

of that region. Thus the time at the end of region 2 is 1, , the
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time at the end of region C3 is tCB, ate, In addition, it is
convenient Yo have a time wvariable which is zero at the start of

a particular region and has a final value equal to the time spent
in that region., The symbol 7 is used for t his purpose with a
subseript which designates the particular region of @peration( The
symbol T ' is used to dencte the final wvalue of 7 im a given re-
gion and therefore the time spent in that region. Thus, time in
region B2 which starts from zero at the start of region B2, is de-

noted by T, , and the total time spent in region B2 is 7'33? .

Caleulation of the Rise Time:

To initiate the flipping action, the negative trigger pulse is
applied to the base of Tp, the transistor which is initlally ccne-
ducting. The combined effect of the trigger pulse and of the signal
coupled from the ceollector of Tﬂ by Ry and 31 as T, turns on
is to turn Tp. off almost instantanecusly and keep it off.

The "off" transistor appears very much like two back biased
diodes, one betwsen the collector and base and the other between
the base and the emitter. If the base had no signal on it during
the collector rise, the effect of the cut-off transistor in its

collector circuit could be represented by connecting Cc to ground

Y
(rcp is ordinarily negligibly large). Actually, a negative going
signal appears on the base which depends on the magnitude of the
trigger signal, the circuit constants, and the characteristics of
the other transistor. Since transistor action has ceased, the coup-

ling through Ccp and r, is the only coupling between the base

Y
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and collecter of Tp N
Any attempt to account for the effect of the base signal
analytically results in a great complication of the transient
analysis. It therefore appears attractive to examine the errors
which would arise 1f the effect of the cut-off transistor were
approximated by a capacity C@p to ground. The effect of basse
veltage variations in this case could be included by letting C

dEy, /at Ay,
¥ = - — ’ (=)
be C ep P (1 "“*7“‘) where — is the rate of chang, of

bage voltage and ig% is the rale of change of collector voltage.
The rate of change of base voltage might be of.the same order as
the rate of change of collector voltage so a rather large error in
Cép ocours by omitting this term. There are two reasons why this
error can be lgnored, The first is that the rate of change of the
base voltage is ordinarily positive immediately after the trigger
signal and negative after the other transistor starts to change its
state so there is some tendency for the errors to averags dut over
a flipping cyele, The second is that Cop %5 dn parallel with

ep °
Therefore, relatively large errors in Ccp do not cause signifi-

clp and CLp both of which are ordinarily much larger than C

ecant errors in the total shunt capacity.

It has been assumed here that Gh is 80 large that the emit-
ter can be considered to be at signal ground, This is the condition
for the selsction of C&. It is also desirable to keep the time
constant Cﬁ Rh small enough so that steady state conditions arve

reached in the minimum interval between triggering pulses in the
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event that the transistors in the flip-flep are net balanced, The
verformance of the flip-flop is not eritically dependent on the

value of Gh .

Region 1:

Initislly, transistor Tp acts as a delay line. The input
pulse is applied, and mothing happens at the output f@rla short
time of the order of 0,05 microseconds, This is also the @fder
of the fall time of the pulses used for triggering and so is dif=-
ficult to measure accurately. Fortunately, for all practical
applications of transistors te flipeflop circuits, the delay time
is small compared Lo the total rise or fall time and therefore can
be neglected without contributing appreciable errer to the solutien.

In the first region, the base of T, has not yet begun to
conduect and thersfore presents s high inpvt impedance which ig just
that of the back biascd emitter and collector juncitions to signal
ground. The resistive component of this impedance is ordinarily
negligivly large; but the capacitive component G, should be in-
cluded.

Since the collector voltage of Tp is initially clamped to
Ep, the circuit of fig,VI=1 can be used as a transient equivalent
cireuit for determining E., the transient collector voltage of
fp,
resulting when switch 8 is opened.

during the first region. It is desired to find the transient

The first region of operation is terminated when the base of

T

n Starts to camduct. The voltage change of the bage of T,
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between the conducting and the non-conducting states is designated
by the symbol & o One of the design conditions for stable opera-
tion was that & be greater than zero for all allowed variations
in the circuit elements and the supply vol tages, Since & is a
cushion to absorb the effect of the tolerances in the ccmp@méntss
it is different from flip-flop to flip-flop even though the
nominal values of the circuit elements are the same, For accurate
calculation of the time spent in region 1, & must be measured for
the particular eircuit, or calculated from the measured (as opposed
to the nominal) values of the components in the particular clrcuit.
For the short time spent in region I, it is possible to make
the simplifying assumption that C; and G,y do mot discharge
appreciably through their shunting resistors, Therefors, if 5p
is the change in collector voltage which corresponds to a change

5 at the base, we have

- 5 ?-1?-@—1&31 - | (VI=1)

e

Sp

Even though 6p is variable, it is always a small part of the
possible change of E, o Therefore, it is reasonalle %o assume

that the whole of region 1 is contained in the initial linear part

of the charging trangient.

The initial current into the output node is just

e = B
1 Ep D
- Vie2
By Ry + Ry ( )

Iﬁl

and the effective capacity to ground is the sum of C@p9 CLp’ and
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the series combination of $; and Cbﬂ s« Since the initial rate
of change of the output voltage is essentially constant in region
1, the time required for the output voltage to changs 6p volts,

which is the time spent in region 1, is
¢y G,
1 “bn
? = — e -3
71 ﬁp(ccp * Cpp C}*’Gbn) . (¥1-3)
I&}

o

The approximations invelved in deriving this expression for
741, while they may contribute appreciable error to the solution

for 741, do not result in significant errvors in the total rise
time because ‘r'l is a relatively small fraction of the total rise
time,

Regiom 21

When the base of 1, starts tc emduct, the eirenit enters
‘region 2. In this region, the base of En is effectively clamped
to K, so the equivalent circuit for determining the transient
voltage rise in region 2 becomes that of fig.Vie=2, By making the
indicated substitutions, this c¢ircuit can be further simplified te
that of fig,Vi-3.

The girenit is a simple charging eirecuit so the voltage on the

condenger at time ‘Tg after the switch is opened is given by
= k o | - e o0 ] M -ma
Ep = By + 8, + (B, =B, =5,) [1 = exp(= 7,/R, C,)] (VI=h)

where - Ea By + B Ry i ?9 . ?l) .
0¥ TR + Ry (R, * R Rr
R ol

r By +Ry ’ r lp cp Ip ~

(Vie5)
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The quantity of principal interest is 792 the time required

for the voltage to rise to Em » This is obtained by solving (VI=k)

as

-E =B
! = E% p] . (VIeb

Tl = .G, Jloge [
2 ™ B Gy dog . = En

Region 3:
Begion 3 of the rising waveform starts when Er = En and con=-
tinues indefinitely with no change in the collector potential,

The Influence of Circuit Parameters on the Rise Time:

It is apparent from (VI=6) that the rise tiﬁe iz essentially in-
dependent of the transistor parameters with the exception of the
gollector capaeity of mp « The emitter voltage cof course, is de-
pendent on the value of a5 » but the dependence iz quite small,

The rise time increases with Cl” but it will be shown that
substantial values of Cy are revertheless desirable,

The rise time is dependent on the value of R, din a very com=
plicated way since R, enters in both R, and E, . 'However,
Ee/Ry is ordinarily a small term compared with El/ﬁl . Ifit
could be neglected, the circuit would charge to a final value that
varied with ®, starting with an initial slope which was indepen-
dent of B, . Thus, lowering R, would increase the rise time.

The effect of the E /R, term is to tend to decrease the rise

time as R2 is lowered (Ee increases when 52 is decreased), but
the first effect usually predominates although the semsitivity of
the rige time to variations in By is not great.

Since the value of Ro is specified from static comsiderations,

the circuit designer has 1little opportunity to improve the rise time
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by varying Ry, . However, he has great latitude in choosing By
and El, so it 1s of more practical value to find the effect of
these parameters on the rise time, Irom equation (VI-h) it is ap-
parent that increasing El increases the final voltage, E , and
decreasing Rl increases the final voltage and reduces the time
constante Therefore, both increasing I and reducing Ry tend
to reducs the rise time. |

The static analysis showed that the available useful current
from the flip~flop is inereased when Rl is increased., It is
necessary to increase FE, at the same time so that the ratic
El/Rl remains approximately constant if it is desired to preserV@
the original current distribution (approximately) between the two
clamp diodes. From (VI=5), if the ratio El/Rl remains constant,
the ratio E /R, will also remain constant,

The initial rate of chmge of E,. is given by

dr E. wE =& 1 E, E g+ :
vy = 2 - T e > . : o
= “Eﬂ;%;ﬁ . E ‘HR;EQ ‘ (VI=7)
= ()
To

Since E@/ET is constant; the slope increases with Rr o Therefore,
both the final wvalue and the initial slope are increased; and the
rise time is reduced, by increasing R; and maintéining El/ﬁl
constant.

The 1imiting valune of slope which can be obiained in this way is

. E E +6& 1 El Ep *§ = h
lim i_ 2 - —HH;:‘E g —— - —_—p 2 )- (VI“S)
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Caleulation of the Fall Time:

The transient equivalent cireuit for obtalning Eg, the
falling waveform at the collector of T, is given in fig.VI-i,
Transistor Tp was turned off by the trigger pulse so the in@ut
impedance to its base is again approximated by a capacity Cbp .
The triggering components do not enter the circuit since they
have been removed by back biasing of the trigger dicde.

For many purposes, this equivalent cireuit is umnecessarily
complicated., The analysis is appreciably simplified and, since
the falling waveform is not extremely sensitive to loading, the
error is not excessive if it is assumed that the time constants
are such that Gy, maintains a constant charge during the tiﬁ@
when T, dis terning one This allows Gy, and B, to be replaced
by an equivalent battery and reduces the a.c, load on T, in re-
gion C to a single parallel resistor and capacitor made up of a
resistance equal to the paraliel combination of Rl and Hé and
a condenser equal to the sum of GLn and Cbp o This gimplified
equivalent circuit is given in figeVIeS.

Region As

Rasgion A ccecurs before the base of T, starts to condust and

is identical in time with region l. There is no appreciable change

in T, in ragion A.
Region B

Hegion B starts when the base of T, starts to eonduct and
terminates when I, = X . During this interval, the collector

load impedance of T, is the forward resistance of a diede and is
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therefore very lows The Laplace transform of the coellector current

from (II-35) is therefore

I (s) = Tpn{e) agn @gp * To(T=0) ) (VTe3)
b 8 * won(d=agy) =

The initial condition on I, is necessary because region B
must be divided inte sub-regions to account for the discontimuity
in the base current betwsen regions 2 and 3.

The current into the base of T, during region 2 is

e E Lol E E
r e ®
Li,py = E C, + o (VI-10)
bnB2 r 1 RZ R’B
Substituting Er from (VI=l4) inte this expressien gives
-T2
Towpz = Dy *Dpe Bl (VI=11)
wherse
R A
(VI=12)

Gy

& -

At the end of region 2, the current in the base dr@ps abruptly

n .

3

p

te the steady state value

En 1 1 ‘
Tony = B - Ee(—ﬁg * L3 | (VI-13)

The Laplace transform of the output eurrent in region B2 is

obtained by substituting (VI-11) into VI-9) as
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Bon @gn (Dy * D) [g M ?ln TR, G ]
Tenig = Lo ALTE (VI-1k)

s{s + g%;—) [s + mon(l-a@n}’]

The inverse transform of this can be written as

. TH2 .
a@n Dl t &on Won D?. RX" CK“ . -ﬁ? CK.. (vl 15)
Tenbe (Tgp) = 1% * |aon(@= seniRy G =1 °
8sn Dy 0o (1= a6, ) (D + Dy )R, Cr] e"‘m@m(l‘ B Ts2
T leag, won{l= 85, )Ry Cpal

Te put this in more tractable form, let

3

x =™ E;,‘Cr
mgm(lu Byp) ® UX {VI=16)

D, = mD,-

2 1

Substituting these values into (VI.15) gives

a D ; =K TBZ "MXT .
i on 1 Hm um B2 .
Fenma{ Tp2) = 3 g [l To=l ® - (1rgy)e e (VE-27)

For almost all cases of interest, both X 7Tpy and ux Tyy are
much less than 1; so adeguate accuracy is obtained by expanding the
exponential terms of (VI-17) and keeping only the first two terms of

each series. Doing this yields

Icnm(] o a@n}

agp Dy

If region 2 lasts long encugh for the collector current teo build

= u(l+tm) x Ty, . {(VI-18)

up to I, equation (VI-18) can be solved for 7T "By a8

In (l"a‘@'n) IEE

agnDyxu{l+m)  a,pwen(Dy+Dp)

Tiy
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I it ie desirable Lo find +4%p, more accurately, the value
obtained from (VI=19) can be used as an approximate sclution and

a better value computed by Newton®s method., To apply this method,

1et -r'(n%? be the n°l

approximation is

spproximation te 7'p, o Then the next

‘ {(n})
(as1) @y Rt ™)
ﬂ - — B VI
T B2 T B2 = S (n) | (VI=20)
‘Tgp )
where
Qﬂ) ' 8 (n}
aon U1 wm "X T* am . T
F(T'B?(n))”l.,a [1"15‘?1@ B . gH)e - I
- on
(VI=21)
= (n)
=X T“ m(!m,rg ]
i a B2 um .
FB(T!BéZ )) o o Dy { - g?? e + ux(l *;;:-1) " B2
] l,mﬁﬁn . (VIe22)

In the event that region 2 does not last long enough for the cole
leetor current te build up to Iy, the value of I (7%,) is
computed by setting Ty, = T', in (VI=17). This value is the
initial condition on I, in region B3,

In region B}, the transform of the collector current of T is

then 1 - I
- bn3 %on Yon
Tenpiy(s) = fé'“‘ji 2gn ®op * Ien( 7 '2) - Icn(.'r"g) [S T Ten(T )
(VIe23)

and the collector current is the inverse transform,



m@?u

Thny 8en [lbnzs 8en ek = a@x’J TB‘%

Len(Ty) = 1may = IenlT') (& T {VI-2h)

1~ agy

This can be solved for 7-'33, the value of B3 which makes
Ion( Tpy) = I; to give

: Ton3 8gn = Lon(7'0) (1 =aen)
'rw}g SR - log & | - s {VI=25)
= t.%(l‘%@) Ih?ﬂg} Ban = 1!’.«‘. ’(,L @aoﬁ) »

Region G
In regien €, the collector of 7T, is no longer clampsd to Ty

From {II=25), the transfer impedance is

=By D, 1
Zpls) = ETQ%_E@ n 8 W (1= agy )
7o & s iy B RelGen el E
(VI«»Q@}’
where
R, R
1™
- Y]
Rf R.L + R'Jj ( f)
and
. 0 (&Y ;[u 3
Cf (‘Ln + Gbp {YL28)
which can be writiten as
A, & ,
2o(s) = = on_ “on 1 {(VI=29)
T +C !
- Gf o (s +a) (s +¥)
where 1
L+ Be wgp [Con * Gl =8, )] {]J. + [13, b (1= 50 Bl * S} ]
(4} » . ;
2 Re(Cp + Cgy) {re Re %n{cm *Cp(l= %nﬂ}él

(VI-30)

and
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L
¥ L {Cm *Cp(l - ag ) Tl hgy (1 = 2, )Rp(Cp + Co) ¢
2Re(Cg + Cpp) {1+ Rpangg [Cop * Cp(L =ag )P
(VI-31)

The second term under the radical is always much less than 1, sc for
practical computation, it is usually desirable to expand the square
root and keep only the first two terms of the expansion, The approxi-

mate values of the rocts obtained by this process are

By (L=ay,)

Y = : (VI-32)
1+ Rp @y [Copy + Cpllma, )]
1+ Rp wop [ Con * Gf(l"am)] . y
= RACo*C_) - ¥ (VI-33)
£A°F Ten
In region C, the base current is given by (VI=1l) as
)
-t TB Te
Cr( T B¢ TC) - E{? g‘r - R C (VI-{}M})
= } h = + r T
IbCE ; }Bl*Dg e ﬁg,ﬂ)ﬁ e e |
for ¥'g* T < 7'; {(region €2)
and by (VI=13) for 'g+7g > 7‘2 (region C3) .
The laplace transform of (VI-3l) is
- T'B D,
(m+D, ¢ BTr) s + L .
,(8) = R, C (D +Dye “ET,)
bz e e T (VI-35)
1
s (s + )
GrET
if TB
D, e R Cr o m, Dy (Vi-36)

(VI=35) can be written



pezt®! . ‘ . (VI=37)

The transform of the change in collector voltage at T,, can be
writien as the product of the itransfer impedance and the transform
of the base curreni, If this change in collecter volitage is denoted

by AEe, the cutput voltage is
Ep = AEf + E,- ' (VI=3R}

In region C2, both the initial value and the initial rate of change

of AEf are zerc so the transform of AEi is

; x
- 8oy Ggy D1{T+Mp)(s ¢l4’m2

AE n(s) = 8 5) = — - (VI-39)
eoa() = Lgpled Zp(s) (Co+C) s(s +x){s+a)(s+¥)
The inverse transform of this is
=don on D1(1 *mp) , =% Tc2 ~aTes =¥ 7¢2
AR T = (At Ay @ th, e +h e )
BE . { 7-02) = (G + C,) 1 3 M
(Vi-ho)
where
Ay = —— ~
1 (l*mz)a?
"
A? = - 2
) (1+m){awx)(¥=x} ‘
(VI-li1)

- X
py = 0T Tomp

a{x=a)(¥~a)

- K
L+mo

(x=¥){aeY) )

A&‘

Since both the inttial valuve and the initial slope of &Ef are

Zero,
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A Ay e AB 4 =0 (VI=h2)
and
- XTC?,

For all cases of practical interest, ¥T<1l; so expanding e
snd retaining only the first two terms resultis in small error. By

doing this and substituting from (VI=42) and (VI-§3)

\ FH me
8Eron( Top) (G + Ggp)

don wen Dy(i+ mg) =x Tgo
A? 2] + X c2 il 1—)
{(VIabi;)

7T,
+ A3 (@ua 2

If reglon 2 is sufficiently long fer AEp, to swing through
E, = Ep volts, the value of ']"ﬁ2 can be obtained by finding an

approximate solution of (Vi-kly) by graphical or other means and
t (n) th

improving it by Newtont®s method. If 7 oo is the ™" approxi-
mation Yo '7/'02 the next approximation is given by
(n+1) {n) F( 7 (n))
2 & 4 o
LA T o m;‘{%} (VI-bS)
o'l
(32)
where
A By Bny; D (1 +ms) 1’ (n)
e () L g o mon 1 T2 - '(n) o1)
.ﬁ?(7902 ) = Epmhm- Gf*ﬁcn A?(@ c2 TRT 02 1)
7 () )
* A%(@ -+ a7 c2 ”1}
(Viehi6)

&nad
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(n)
{n) Bon Copn Dl(l*m:é) =* 7Tica
% gae -
Fe( + (‘;2) = Ty + Cogy [A2 x(e 1)
{n) {(VI=h7)

“a’l“ I;

If region 2 is not long enough to allow AEf to swing through

En = E_  volts, initlal conditlons for regiom C3 can be derived from

Y
(VI-Lk4). These are

B ' = agn won Dy{1+mp) [A X Tty 1)
AL 7 2) " Cp ¥ O | o{e xrl, =1

(VI=L&)

Tt

and
b | = s o & lag =t F-1) s age  Za1)].

7, (VI-lg)

To examine AEf in region C3, it is necessary to add the ini-
tial conditien terms to the transform eguation., Singe the sZ term
arose from a second derivative with respect to time, and the s

term arose from a first derivative, the complete transform equation

for AEs in region C3 can be written
£

=fon @on In(s) .
ey o ¥ Bl T v By 'ng ¢ a2 W)aE (7o)
AEfCB(s} w ,

' (8 +a) (s +Y) (VI=50)

Substituting in the value of Iy,4 from (VI=13) makes it possible to

write this as



a%, |
sty [svarye _Tley
. } ~2on %on Lbn3 N Ae(7%,)
8 M 2 [~ 3 )
bEpoq(s (Ce+ Capla(s +a)(s+¥) (s +a) (8 +¥ )
(VI=51)
Taking the inverse transform yields
=8on Qon 1bn3 [ 1 Ye - 08 ’
: - + (Vie52)
8Eeea Ty) = T(0p v Gop) L O¥ c¥(a-¥) ]
Aéf‘ .r - Aéf
B [, 72 )T Tl YT
& X = a AEﬂ T”?) éEf§ .-,..32

¥ T

By expanding e c3

and retaining only the fix‘st two terms this

can be written as

“2on 9on Ton3 e +aTgy =1

bBop3( Tgy) = (Ce + Cgp) a (o =¥)

© (VI-53)
- .

=Ty | B LY
* AEL(TY,) Ve MELALLS Tt BN AE, 2 L
Y“ a ’ ¥e o

riat

In most cases ¥Tp3<<l and « »Y so (VI=53) can be further ape

proximated as

. =8on %on “bn) =6 7C3 \ .
M&f@( TCB) ~ (Cf - Ccn)ﬂz {e ta ‘rCB- 1)+ AEg( 742) {(VI=fh)

oy T
e lee ,ﬁi)

Tt

Appraximate golutions for q—'@ the time required for AEfC§ to

fall through En-Ep ~bEq( 1—-'2) volis can be obtained by plotting

t{n
or by guessing and improved by Newton's methoed, If 7- éfﬁ) is the

nth approximation to 'rﬂcg the next approximation is given by



| i ))
T(nﬂl)a £)

3 Ten ™ (V-

U"‘x

; ] 5 )
F0(1~0§ﬂ))

where

+ O

(I’l)\ _en_
F(r? J B -E +AE(T',) a‘r‘AE’l }
c3 {[ D 2 ] b Bon Bon Ibns

{VI=56)

w(n)
€3 | 1

' +C
® £
| i

Bon “on Im 3] Tes

&
R
8
&

£

=T ¢ ° Co + O
P )= ae ’ [%‘*’ = ey ] -1.
I
C o ®¥on “hn3 (VI57)

Ny

The Influence of Circuit Parameters on the Fall Time:

The above equations are sufficient fo enable one to plot AEf
as a funetion of time or to determine the fall time if the ciﬁcuit
constants are known, Unfortumately, it is difficult to téll from @
gtudy of these equations which parameters are most important in de-
termining the fall time. Since one of the principal objectives of a
study of this kind is to determine criteria for transisior selection
for use in flip-fiop circuits, it is profitable to consider ancther
approach tc the transient analysis which, while it is less convenient
. for a particular case, is capable of giving a better pleture of the
relative importance of the various circuit and transistor parameiers
in determining the fall time.

Previcusly, the transform of the cutput current or veltage has

been obtained by taking the product of the transform of the input
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current and the appropriate network function. ﬂEf(t) is the inverse
transform of the product. An alternative method of evaluating the
response as a function of time requires the use of the convolution
theorem
4 .
Z,ﬂl Fl(s) F’z{s) -f fl(ta‘r')i‘g('r) d7 = AE‘f(m) (VI-58)
G
whare fg(t) is the base current of T, and fl(t) is the response
of the transistor to an impulse of carrent,

The physical interpretation of the convolution intégral is that
the time response of a system driven by fait) can be obtained by
summing the response to an infinite number of impulses which together
make up the function f5(t)e At time t T seconds before t,‘fg(t)
had the value f2(7‘)o An impulse of this magnitude at time T pr@dﬁceé
a response at time t of fl(te:r) {7},

- The advantage of using the convolution theorem to study the time
response of T is that f, is not a function of the param@ters of
T, Therefore, the effect of these parameters on the £all time can
be determined from fl alone, Similarly, the effect Qf the coupling
condenser is contained entirely within the fﬁ term so that its in-
fiuence on the fall time can be determined from f» alone,

The functions fl and fg which will be studied never change
sign in the region of inierest, If it is possilble ta'chang@ either
fl or f? in such a way that it becomes greater in absolule value

at every point in the interval 0< 7 < t, this change will obviously
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produce an output signal which hes a larger absolute value., Since
all of the parameter changes which are te be studied affect fl
and fz in this way, this fact can be used as a simple criterion
for determining the effect of a perticular parsmeter om the fall
time,

In Begion B, fl
of the short circuit current gaine, From {II=35) this :i,s.

is obtained by taking the inverse transform

= . {l=a_) %
on OF ; s
:i‘m(t) = Ai(t} = By By © . (VI=59)
Inereasing &y, Pproduces both a higher initisl value and a
larger time constant and hence a faster falle The effect of in-

creasing o can be ascertained by differentiating (VI=59) with

on
regpect to Beon e get
d 4. (t-} “‘w@n(l@ 23 ) £ .
T 2y [e T won(lmagg) t] o (VI=60)
on

Sinece this is positive for mm(laacm)t ¢ 06567 which includes

all cases of interest here, increasing w, reduces the fall time e

Since a,, is restricted to values near one, more benefit can

be derived from increasing the value of w,,, 2 parameter which
varies widely from transistor to transistor.

Te apply the eriterion to region C, f}t, is taken as the in-
verse transform of the transfer impedance, From (VI-29)

bt «3t
“Zon Won, & =@

f1ct) = Te6 T vea . (VI=61)
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Ir
a = P (VI=52)

(VI=61} can te written as

fya.(t) = P (VI=63)
1ctt) Cp * Gy (© |
wat at
where o 0 o F
P . . ol [} )
o " at (§=1) - (VI-6h)

P@, which is a function of at and P only, is plotted im fig.VI=6,
The function is very insemsitive to P for large values of P .

For the circuits considered here P will always be greataer than
ten, Furthermore, the transient will be terminated for ot less
than perhsps fouf. As long as‘ these conditions are met, only a very
small error ls .made by using the value eof P@ obtained by letting

P go to infinity. By doing this (VI=63) can be written

Zon Yon @t
fo(t) = T (¢ =1} . (VI-65)
F1Ch (wa@n)a

The initial slope of this funetion is

=i ),
aryg(t) o —oon Pon (VIb66)
dt Ce *+ Cppy
1t =0

and the final value is

“Zon Yon

Lim £, () =
teo "1C (cfc»c@n)a

(VI-67)

By using (VI=33) and negleecting ¥ in compariscn with « this ean

be writiten as



Lim t—~00  fy5(t) = - DA - (VI-68)
1=Re oy, [“f‘ + Coplle a@]zz)]

From (VI=66) it is apparent that increasing a,, Or w, or
decreasing Cp or ﬁ@n will imcrease the initial slope. Similarly
from (VI=-68) the final walue increases when agn, @, and Rf‘inm
crease and decreases when GCp or O increase.

Functions of the form of (VI=65) become greater in absclute vilue
for all t if either the final value or the initial slope is in-
cressed. Thersfore, the fall time is reduced by increasing agn, wg,
or Re and by reducing Cf or C@n o

The cut-cff frequency g, I1s again the mosi important tramsistor
parsmeter determining the transient response of the {lip=flop éir@uito
Fven though the denominator of (VIe68) contains a term in (lanaQn)
this term is ordinarily so small compared to the other terms in the
d@ﬁ@minat@r that the fall time is not exitremely sensitlve to a .
even near a,, * 1 . Therefore, a,, within its useful range is not
a particularly important parameter in determining the fall time. The
relative importance of Ccn depends on the capacitative load. In
practical elrcuits GI. iz likely to be larger than Gcm thereby
making it relatively unimportant in determining the fall time.

In vegicn 2, £, is glven explicitly by (VI-11). The initial

value of this function is

E .
- 1,1 e, L vie _w ; N
Z’th -0 T~ e Ry By (F"r Cp Ry o Tp R

and the final value is
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£, = = e E (g ) (VI-70)
S P f 'Ry By

Actually the collecter swing eof Tp is clamped so that the final
value is never reached. The function follows {VIeH59) until the end
of region 2 and then changes discontinuously to the value given by
(VI=13).,

The final wvalue is always greater than Ian and the value of
s at the end of region 2 must be greater than or equal to Ime o
The initial value, however, may be greater than or less than Ibn}
depending on the value of Gl/Rr Cp o For short fall times, the
initial value of fg should be as large as possible, Since Cl/cr
increasss monotonically to uniiy as Cl goes to infinity, the fall
time dscreases as Cl increases (the rise time increases of c@urse)eﬁ

The abeve cbservation can be used as a basis for the selection
of the optimum value of Gy . Ore possibility is to Sele@t Gy so
that the rise time is equal to the fall time, Ancther p@ssibility
is to selest Cl in such a way that the rate of change of rise tiwme
with respect’to C1 is equal to the negative of the rate of change
of the fall time with 81 °

The most satisfactory way of making this selection appears to
be to plot the rise and fall timesz as a function of G4 and esti-
mate the proper value of Cl from the curves,

The graphical method is quite satisfactory because suificient
information can be obtained from the above transient enalysis to
select the best values for the resistors in the flip=flop circuit.

Using these values for the resistors together with the values for

the worst transistors to be used (lowest g, and a,,, highest
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C@) and the maximum antiecipated load, one can plot curves with Cl
as the only variable_whi@h will held in the worst case. Valuss of
Gy picked on this basis will provide optimum operation for the
worst case and the curves that sre obtained will make it possible
to determine the maximum rise and fall times which will be enm‘
countered in actual operation of the circuit,

The optimum value of Rl can be picked on the basig of a
compromise between conflicting demands, It was shown in the statie
analysis that increasing Rl increased the useful @utpﬁt current of
the flip=-flop for a given transister current, and it was shown in
the analysis of the rise time that increasing Hi while maintaining
the ratio Hi/El constant preserved the current distribuﬁimm\
between the clamps and decreased the rise time. From (VI«68)
inereasing Ry, which disc increases Ry, decreases the fall time.
.Thérefore, the operation of the eircuit is improved by increasing
Rl {and El}g but the improvement in these various asp@cts of glip-
cuit performance for a given increase in Ry gets rapldly smaller
as Rl becomes larger, The limit on the size of Ry is imposed
by the power dissipated in it since the power increases linesrly
with Ry for large values of Rl « Based on these consideratioms,
the value of Rl must be selected by the exercise of engineering
Judgment,

The values of R2 and .33 are determined from the static
analysis., However, at the cost of intreducing an additional power
supply, 33 gan be chesen at will, RB appears as a very small

term in (VI-69) and (VI=70) and as one of the parallel resistors
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forming Rf in (VI=68), Thus increasing Ry will tend to decrease
the fall time, although the influence of Ry iz very smalle It is
likely that R@ will be chosen on the basis of statie conslderations
rather than %o minimize rise and fall times,

From (VI-69) it is apparent that reducing R, will reduce the
fall time, and it was shown that it alsc reduces the rise time, The
value of RE is fixed by the maximum current which is to fl@wbthréugh
the transistor., These relations imply that other things being equal,
flipéflcps drawing large currents tend to change states rapidly,

High speed operation ef flipe=flops of the type discussed here is
obtained by designing for the maximum practical value of current,
selecting the largest practical valuve of Ry, and choosing the opti-
mum value of 0y for the particular transistors which are available,
Best results are obtained for high values of wgy, and low values of
Ce o The value of a, is less important, but high values tend to
reduce the flipping time, High values of ay, mn&y be und@siﬁable
for other reasons (such as redueing the usavle range of a 48 dige

o
ecusged in part V,

Experimental Verification of the Transieni Analysis and the Selection

of Cl H

To 1llustrate the technique of selecting Cl and to provide

- werification of the transient snalysis, a flip=flop was constructed
using the values of resistors given in the sample static design de-
veloped in part V., The parameters of four transistors were measured
by the metheds of part IIl and were found to have the values given

in Teble Visl,
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Parameter Tw7327 T=7708 T=7743 Tw2790
ag, W 7,28 x10° 5e32 x30° 5,57 x10¢ 3077 1108
%/(1 -a,) 250k 33.3 3L,.5 17.6
Cc(Ragi@nfl) 60 mmfd. 85 wmfd, 140 mmfd, 98- mmfd,
Cn(Region 2) 32 mnfd, 4O mmfd. 72 mafd, 55 mnfd,
C ¢ L8 mmfd. 67 mnfd, 83 mmfd. - 77 mmfd,

Table II=}

In addition, I, E,, and & were measured in the flipe{lop
cireuit for each tramsistor, The best of the transistors, T-7327
was used in turn with each of the other transisters in the Tlipw
flop. For each of these combinations, the rise and fall times were
computed by the methods deseribed abeve for no load and for a 450
mafd, capacitive load as a function of the eoupling condenser Gy »
The resulte of these computations are plotted as the tﬁeoreti@al
curves of figs, Vie7a to VI=7f, The measuresd values of rise and
fall times are plotied as the experimental poinis on the same
curves, The reasonably good agrsement beiween theory and experi-
ment indicates that the methods presented here are capable of

predicting flip-flop rise and fall times with enginsering accuracy.

$ The value of G, 1is found by taking the sum of the small
signal collector capacity for the operating collecter voltage
and the emitter capacity for a swing of &
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The curves of fig.Vie7 reveal much of intersst to the circuit
designer, The transistors were chosen to illustrate the effects of
parameter variation, Transistors 7708 and 7743 have substantially
the same value of a, w, but 7708 has significantly less collector
capacity. A comparison of fig,VI=7a and fig,VI=72z shows that -
slightly better fall times are obtained fram 7708, but 7743 is still
a2 useful transistor. A comparison of fig,Vi-7b and VI«T7d shows that
7708 also has significantly better rise times,

Transistor 2790 was chosen to illustrate the effect of a low
vilue of a, wp . Figure Vi=Je shows that this transistor is
definitely inferior to the other transistors., The difference
batween T-2790 and Tm?327‘when they are used together in a flipufl@p
is seen by comparing fig.VI«7f and fig.Vi~7e.

It is evident that substantial values of Gy are necessary for
saﬁisfa@t@ry operation, but the value is not extremely eritical.

The better transistors reguire values of €y in the neighborhood
of 200 mmfd, but the optimum value for T=2790 is about 350 mmfd,
Trangistor 2790 will not operate satisfactorily with capacitive
load for values of ¢y appreciably below 350 mmfd. The flip-flops
operate satisfactorily with values of €y in exeess of the optimum
value with no degradation of performance except for increasad rise
time, The required value of & is substantially independent of
the load capacity which makes the construction of standard flipe

flops which can be used in digital computers feasible,
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Triggering the Flip«Flop:

My completely accurate triggering theory must take inte account
the properties of both transistors in determining the required
trigger pulse to cause the flip=-flop to change states, However,
practical experience wiﬁh the type of cireuit described here sﬁows
that the requived trigger signal depends primarily on the charac-
teristics of the transistor which is turned off by the trigger
gignal and only slightly on the characteristiecs of the other tran-
gsistor. This fact suggests the possibility of developing a
simplified theory which depends only on the characteristics of the
transistor being triggered, To do this requires an assuwmption of
some sort about the quality of the second stage of the flip»fi@ps
It will be assumed that the second stage is such that it will pro-
vide sufficient current to keep the first stage off and allow
flipping te proceed if the first stage is turned completely off by
the trigger signal. This regquirement will be met if the second
transistor ig a high quality unit {in the sense that aO ®0>»6 x 1@6
per second),

The reguired trigger signal caleulated on the basis of this
assumption will be called the minimum satisfactory trigger signale.
In many practical flip=flop circuits, the minimum satisfactory
trigger signal is very close tc the signal reguired to force the
flip=-£flop to change states,

Fig.VI=8 is an eqguivalent circuit which is suitable for deter=
mining the response of Tp to the trigger pulse, It is assumad

that sufficlent base current is suppliad through a negligibly
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high impedance to produece a current Ip through the clamp diocde
Dy o It is elso assumed that the input pulse is approximately
rectangular and that it is wide enough (0.5 microseconds is ample)
to allow Cp to charge completely. Assuming Ay is negligibly
large, the quantity of charge transferrsd from the transistor is
EC, o This charge is transferred very rapidly so small error is
made by making the simplifying assumption that the trigger signal
can be approximated by a current impulse of amplitude E02 inte
the base of Ep o _

The short eircuit currenit gain of the transistor is given by
(II=35). This equation may be teken to apply to the initial response
to a earrent lmpulse because the clamp dlcds provides & low iﬁp@da
anece as long as any current is flowing through it and the load
capacity prevents any instantaneous change of collector voltage for
further changes in the collector current.,

The response of the network to an impulse ECQ iz given by
(I11-11) as |
ey, (1= fop a7
Iy = =y, Wop ECy e . (Vie71)
No voltage will be developed at the collector unless the peak value
of I, exceeds I o The condition for the minimum satisfactory

¢

trigger signal is that the peak value of I, should equal the

total current which is flowing through the trgnsistor initiallye.

The initial current is Ic so the minimum satisfactory irigger

impulse is given by



EC, = oo (VI-72)

For larger values of ES2 equation (VI=72) becomes meaningless
gince the transistor can only turn off current which was flowing at
the start of the transient., When the trigger impulse exceeds ﬁh@
value given by (VI=72) the base of the transistor becomes a high
impedance and Oy charges to a value determined by the circuit
constants and the amplitude of the trigger signal. The transistor
remains cut-off until @1 has discharged enough to allow the base
0 becone conducting, Thus the effectiveness of trigger iwmpulses
greater than the minimum satisfactory trigger impulse is determined
primarily by the passive elements rather than by the transistérg
and relatively small increases in the triggeramplitude above that
required to achieve the cut-off condition may maintain the cut=off
coﬁdition for some time, This eircumstance explains why the mini-
mum satisfactery trigger ordinarily gives a working appr@ximatian
to the minimum trigger signal required to cause the flip-flop to
change states,

A comparison of the calculated minimum satisfactory trigger
signal with the measured trigger signal required to cause the {lipe
fiop to change states ls given in fig,Vi=9., The flip-flop circuil
and the transistors used are the same ones used in cbtaining the

results shown in fig,VI=7,

The Complete Desisn of the Flip«Fflop Circuit:

The above theory has provided sufficient information to complete
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the design of the fllp-flop which started with the statie
analysis., It is ordinarily desirable to have the circuit trigger
with 2 pulse having an amplitude no greater than the output
voltage swing, However, for greatest usefulness, the input con-
denser should be as small as possible., From fig.Vie9 a sultable
compromise for the value of CZ is 350 mmfd, for transistors as
good as or better than the cnes used here,

The remaining eircult parameiers are uneritical, The value
chosen fer C) is 0.1 mfde The value of OCp Ry must be small
enough to allow the volitage at their junction té raturn to its
steady state valus between trigger impulses, but ES must be
large compared to the imput impedance of the transister, A value
of 6,800 olms for 55 meets these conditions satisfactorily.

The complete flip-flop schematic diagram together with the
“values which have been chosen for the circuit parameters by this

design process is given in figeVI=11,
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VII THE USE OF JUNCTION TRANSISTOR FLIP-FLOPS
IN DIGITAL CQMPUTING CIRCULTS

Logical Deseription of the Flin-Flop:

In order to describe the behavier of the flip=flop some sort
of logieal notation is required. Each {flip-flop has two outputs
which can be denoted by Q@ and QF. The two stable states of
the {1ip-flop are denoted by 1 and O and the state of a pértiw
cular output is also dencted by a 1 or 0O . The convention used
here is that the most pesitive state of the output is 1, the
most negative state iz 0 o Thus when the flip-flop is in state
1, Q=21 and Q¥ = 0; and when the flip-flop is in state O,
Q=0 and Qf = 1 , Subseripts can be used bto designate the par=
ticular flip-flop under discussion.

In addition, for a complete deseription of flipmfl@ﬁ behavior,
scme sort of time notation is required. 1In digital computers a
clock signal is ordinarily used in such a way that a pulse applied
at the n"D clock time determines the state of the flipw-flop at the
n+ 1% sloek time. The time is designated by a superscript thus
Qisﬂ 1 states that flip=-flep s is in state 1 at the nth e¢lock
time,

There are two inputs to the flip-flop designated J and K .
An impulse applied to imput J at the nth clock time is degig-
nated .f; =1 .

With this notation, the truth table for the flip-flop is
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5 K Al Qen*fl
0 0 or Qo

i 0 1 0

4] 1 (4] 1

1 1 indeterminate

This truth table differs from the truth table for the ordinary vacuum
tube flipeflop in that the flipe=flop does not change states reliably
when both inputs are present simultaneously. This makes counter cire
cuits slightly more complicated, but puts nc real restriction on the
use of the eireuit since dicde gates can always be provided to prevent

gimultaneocus triggering of the two inputs.

Piode Gating Networks:

One type of diode gate which might be used with this flip-flep
is given in fig.VII-1 which shows the two basic gates thé fand® and
"ope! gates which are designated by the logical symbols o and +
respectively. These two gates make it possible to mechaﬁiz& any
logieal function. |

If the junction of the diodes in either of the gates of figoVII-1
ig at 17 volts at the clock pulse time, 1% will be driven to 7 volits
by the clock pulse thereby providing a signal to the input of the f{lip=
flop. If the junetion is at 7 wvolts, the clock pulse diode is always
disconnected and no signal is provided to the flipeflop. In the Nord
gate, the junction is at 17 wvolts if either A4 or B is at 17 volis,
In the "and" gate, the junction is at 17 if A and B are at

17 volts, Since every change in the diode gating network takes
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place at the clock pulse time, no changes in A4 or B ever
cause exlraneous inputs to the flip=flop.

The "or" gate must be preceded by a higher lsvel "and” gate
to prevent shorting the cleck pulse, Occasionally this results
in wasted diodes, but the gating ecircuits of digital @@mputers
are so complicated that single level Yor" gates seldom are neces-
sary. A practical "or® gate which mechanizes the function
A+B+Cs=s]1l is given In fig.VIie2. Gategs of this type can be
cascaded indefinitely as alternate Mand" and "or® gates.

The cardinal rule in mechanizing gates of this type is that
at least one diode at each node must be conducting at the clock
time so that the potential at each node is definitely established.
In order to do this and allow for tolerances on resistors, diodes,
and supply voliages, the currents requirsd from the flipofl@p& g0
ué with the level of the gate,

To specify the currents required to operate a multilevel gatle,
the following notation is used: vlm is the absalut@lvalue of the
maximum potential difference betwesen the voliage to which the nbh
gate resistor is returned and the output level of the flipwflop
which maximizes this potentiale This includes the tolerances on
the supply voltages. V,, 18 the absolute value of the minimum
potential d fference between the voltage to which the nth gate
resistor is returned and the output level of the flip=flop which
minimizes this potential, This also includes tolerances on the

power supply veltagee, A Emax, is the maximum value of the output

voltage swing of the flip=flop.
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t.
Rn ig the n f level gate resistor and Aﬁh is the permitted
change in B -,
n
A.
€, =1+ _§E
1n R,
A
D is the number of input diodes to the nth lavel gate,

d is the maximum value of current which flows through a diode
back biased by A Emax, voltis,

T ig the cleck interval.

€3

is the input capaecity of the f.f. plus stray eapacity,

AE C
I. = o iz the constant value of current required to cause
in

the input voltage of the flip=flop to change through AE
volte in T seconds.

The econtrol potential at the input of the flip-flep can be
changed AE volts in no more than 7 seconds by supplying or

withdrawing a current at least as great as Iin o Rl will be

small enongh to do thig for every parameter variation if

¥
21
.. S
< = VIIel
&} Lin€na ( )

Any diode inte the first level may have to carry a current

V33

B €xn

The second level gate resistor may therefore have to carry a

I =

+ Dl Id + Iin ® (VII”E)



currant
Voo 1
RPN + I, «+ I,, (VII"’B )
E@ &0 By Eoq By 14 in

which requires that the resistor be chosen as

v,

< 22 L . (VIIal)
2T & M L.p 1.1
Il ep T.eI

B €y

Any diode into the second level may have to carry a current

K/

22 +p, 1 (VII=5)
— s Iy - =3
2800

In general, the n P level gate resistor is
v
R £ 2 g : (V11-6)
€in mod D T
nel d

Rl"l“’ 1 621’1“1

and the current whiech must bs carried by a diode into the nth leval
is
vln
s+ D I ., (Vil=7)
% Eon hod

The diode supplies current to “or" gates and withdraws current
from Yand" gates.

In certain cases it will be found that a logical expression is
used repeataedly throughout the computer. It is economical of diodes
to generate this function once and supply current from the functien
to the several places where the function is used, If I max, is the
maximum current as calculated above that this function will ever be

reguired to supply, the gate resistor required for one of these so



called “pipa’ funeitlions is

R < v?m e o
In “‘max
When the current loading of & {lip=-flop is being computed it should
be remenbered that the logleal expressicns being formed may be such that

the currents regquired by the gates that the flipeflop drives are shared
by & number of fip=-ilops. Because of this the currvent required from the
flip=Fflop may be much less than the sum ¢f the eurrents reguired by the

gates the flip-{liop drives.

A Transistor Figare of Mepil in Flip-Flop Circuits:

It is zpparent from the above diseussion thet a useful figurs of
merit for a flip-flep is gilven by the available oeutpul currant
divided by the product of the outpul swing snd the input capacity.

This is approximately egual to the number of gates the flipnflép will
drive divided by the clock interval,

The minimum output swing is determined by parameter toierances
and triggering cbnsid@ratinns, but it is probably in the neighborheod

~

of 5 te 10 volts so most Lwprovements in this figure of merit must

ecome by inereasing the output current and decreasing the input

sapacitye
The simplifisd triggering theory showsd that the ratio of cole
1actor current to input capacity was proportional to the product

B, W, s Thus, this product is a reasonable figure of merit for

W

transistors in fip-flop elrcuits,
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Increasing the Usefulness of the Junction Transistor Flip-Flop:

The figure of merit for the flip-flop design@d here is approxi-
mately 1/10 the figure of merit which could be obtained from a
vacuum tube flip-flop using a twin triode vacuum tube, It is
necessary therefore to consider ways in which additional tranéist@rs
can be used to increase the effectiveness of the transistor flip-
flop if it is to compete suecessfully with the vacuum tube fllp-flop.

One possibility is to use the grounded collector amplifier, the
analog of the cathode follower, to drive capacitive loads amd
amplify the available current. The grounded collector transistor
has the disadvantage relative to the cathode follower of having a
lower input impedance., However, it haz a compensating prcperiy of
negligible doc, shift between the input and output which makes it
very useful in switching circuit work, Because of this property,
ii can be used within a diode gating network either to amplify
"pipe” functions or to effectively reduce the input capacity ef
the flip=flop while still preserving the d.c. level eséential o
successful gating. The transistor requires no filament wiring and
generates negligible heat. Both factors are favarabie te its being
included in a diode networke

The netwoerk amplifier may be reguired to pass currents in one
direction only since it feeds a diode load. Since there are both
n-p-n and p-n-p transistors available, it is possible to choose an
n=p=n when supplying current to the load and a p=n-p uhen absorbing
corrent from the loade This makes it possible to drive large or

small loads efficiently since the current through the emitter return
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resistor need be only large enough to discharge the stray capacity
in the cleck intervale The eireuit for the network amplifier is
given in fig.Vil=-3,

The input impedsnee of the gating network amplifier can be
approximated by the methods of part II as a resistance given by
(11~51) and a condenser given by (II=52) in parallel. These
values are to be computed for the maximum load assuming ﬁhaﬁ the
transistor to be used has the lowest allowable value of r, ,
a. and @y and the highest allowable value of C, . It was
shown in (II=5h) that the frequency dependence of the voltage
gain for the grounded collector stage was negligible for the fre-
quencies considered here, Therefore, the emitter voltage will
change by AE wolts im T seconds if sufficient current i&lprem
vided tc change the base voltage by 6E wveolts in 7T seconds, The
base resistor must be capable of supplying the current demémded
by the input impedance of the amplifier just as the first gating
resistor was required to supply the current demanded by the input
impedance of the flip-flop circuit. Therefore, if the required
input current computed from the input impedance is used as Iin’
the above gating formulas can be used to determine the values of
the load resistors in any diede gates driving the network ampli-

fier.

The low values of collector dissipation of high frequency
transistors sericusly limit the usefulness of the gating network
amplifier, The maximun collector veltage must be at least as

great as the desired output swing, snd the maximum value of
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collector current when the collector veltage is high must be at
least equal te the possible changes in load ecurrent which in
practical cases is equal to the load current. For a 10 volt
swing a typical collector dissipation of 40 milliwatis limits
the output current to i ma. When tolerances and safety factors
are considered, thé design value of output current must be re-
duced to perhaps half of that figure. 7This limitstion is se
restrictive that the circuit in its simple form has limited use-
fulness as a network amplifier and is almost entirely useless as
a b@@SEerramplifi@r to increase the current ouﬁput of the flip-
flope

In those cases where a small amount of the veltage swing canm
be discarded, a grounded collector amplifier can be constructed
which uses the transistor much more efficiently. This is done by
arranging a diode clemp cireuit in such a way that the transistor
has only cuteeff current flowing through it when it has maiﬁmmm
collector voltage, Circuits fer p=-n=p and n=p-n gr@uﬁd@d golleec-
tor amplifiers using this idea are givemn in fig.VII=3. To make
the discussion definite consider the n-p=n circuit. The base
swings between E, and El where it is assumed that EZI is the
more positive of the two voltages. The collecter is r@turned‘t@‘
a voltage B, + 8y where @l is a small positive voltage chosen
to be as small as possible and still keep the transistor out of
saturation. The emitter is returned through a diode to a potemtial
El + 8o The dicde is connected so that th@emitt@r‘gannat go

negative with respect to Ey + 6, » The value of &p is chosen
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80 that the transistor will be cut off when the base veoltage of
the transistor is El ¢ Under these conditions, the transistor
will be required to supply only cut=off current when ites collsctor
voltage is E, + 8) - (8, + &,) 80 that the collector dissipa@i@n'
in this stable state is low, When the base voltage is BE» the
transistor has to supply the full 3oad current, but the collector
voltage is Just &y which is a small woltage. If & is 1 wolt,
for example, the load current could be 4O ma. before the collector
dissipation is exceesded in this stable state, During the transi-
tion between the two states high values of collector dissipation
are encountered, but these do not damage the transistor provided
the average dissipation is within the ratinge |

This cirenit is particularly suited as a booster amplifier
for the output current of the flipmfl@p since a small reduction in
the output voltage swing ig easily made negligible by pr@per design
of the flip-flop, and the flip-flop changes state repidly thereby
minisizing the average collector dissipation of the transistore

In @ircﬁiﬁs where high speed operation is net of primary im-
portance, the cclliecter of the booster amplifier can be returned
to the upper clamp voltage, En (for nepen), and the clamp dicde
omitted, When the output of the flip-fiop tries itc rise above
Ey, the collector of the grounded collector transistor becomes
forward biased thereby preventing the output from rising appre-
ciably above E, . This drives the oulput transistor into
saturation and introduces a delay, typically of the order of a

microsecond, in the output when the flip-flop changes state.
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Transistors used in this way reguire low values of saturation
cellector voltage.

By combining the grounded collector amplifiers on both input
and output with the junction transistor flip-flop it is possible
te design flip-flops for operation in the range belew a pulse
repetition rate of perhaps 200 kc. which compare faverably_with
a vacuum tube flip-flep having 2 cathode follower amplifier uéing
receiving type tubes, The transistor circuit is considersbly more
complex, but better transistors are becowing gvallable, and it can
be expected that increasingly better resulis will be obtained with

these transistors.
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VIII APPENDIX

The purpese of this appendix is to show that an amplifier having

small signal admittance equations

L = Gyey*Gpsy

i

2 Goy €1 * Uy 2y

where the G's obey the inequalities

Gyy Ggp = Gyp Gy > O (VIITe1)
and
Giy * Ogp * Gyp * Gy < 0 (VIII=2)

has the property that

|G| > O - (VITI-3)
and |

|egy| > Ggp - (VIILek)
In the forward direction, the open circuit V©1tagé gain Ao@ is

. o2 Gy

oe I S
1 22
t2a0

and the short circuit current gain AS@ ig

. iy Sa
= = G
8¢ iy . "1

2=0
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To have positive feedback, G

1 muzt be negative since G

11
and 622 are pesitive,

In the reverse direction, the open circuit voltage gain A’@

¢
is
U T
e % G3
i, =0

1

and the short circeult current gain Agwc is

At 2 ;i & Elg .
8¢ 2 622
®1=0

The sign of is not specified, but
2 »

13211 > ’Gigl

gince by hypothesis, the forward direction is the direction of
greatest gain,
If the sign of Gy, ie (¢), inequality (VIII-1} is automati-

cally satisfied and

G

1 ¢ Gop * Gy < |Gy

which shows that both (VIITw3) and (VIIIh) are satisfied,
If the sign of Gl? is (=), inequality (VIII-1) becomes
Gy Gag > [Oy| |0y (VIII=5)
and (VIII=2) beccmes
6y * G2 < fon| + fo] o - (vEIL-6)

Now suppose that
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Gpy > Gy

and further suppose
> |0
Then from this and (VIII=5)
0< Gy = oy < foy,] = 0y

80

G11f< \612‘

The admittance coefficients can now be arranged as a monotonically

decreasing sequence

Gop > |G| > el >0y o

NQH let
&, = 6+ 6
|921[ = G t6 + 6,
Gyy = Gpp*8; +6,+06,

where all the 6% are positive numbers,
Substituting these values into (VIII«S)

+ G +58, + 5, + §3 < Gy ¢ 6y * 6, * Gll + 8

Gn 11 1 1°?

or

And substituting into (VIIIw5)

Grp(Gyy * 8y * 85 * 83) > (Gyy + & + B2) (O3 * 8)
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or
2 .
f}n 53> Gllslf*&l* 516;20

Bat since 63< By »

2
G138y > Gyy & *+ 6, *+ 5 &,
or

2 .
85 + 8, 8, < 0,

which is impossible,
Since Gll and G?z enter symmetrically into the inequalities,

®

the errer can only be in the assumption G,, > IG21

To test this let
G,y < ]Ggll .

Then from (VIII=8) and the above,

0> Gyp = |G| < IGyp] =&y

80
'%2! < Gn ¢

The admittance coefficients can now be arranged in monotonically

decreasing order as

[Gyq] > Gop > Gy > ‘G],Zl . (VIII7)
Let
Gy = 18y,}* 84

I T R

‘(}21‘ = 'Glgl* 6'145'2 45'3



w 122 o

vhere the 5%s are positive numbers,

Substituting these values into (VIII.4)

[0l + 8%y + Jo | 63, * 8¢, <o, + 61, + 8¢ 4’| ol

or

' '
&ZL < 5 3

and substituting into (VIIIG)

or

lGl2l Bty + 5!%; + 5!1 8%, '6121 8ty

Bu inee 5t < &¢
t since 1 3 >

’512’ 5!1 + 5321 + 6% 61, > ’(312! &tl ’

or

12 t '
& 1 + 8 1 6 22> 0

which is true for all values of the &% s,

Inequality (VIII=~7) therefore, gives the correct order of the
admittance coefficients except for a possible inversion of the
order of G and G and the inequalities (VIII=3) and (VIII=4}

11 22
are proved,
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FIGURE V-1

BASIC FLIP-FLOP CIRCUIT
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FIGURE V-2
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