Transistor Circuits for Analog and
Digitﬂl Systems*

By FRANKLIN H. BLECHER
(Manuseript received November 17, 1955)

Thiz paper describes the application of junction transistors to precision
circiils for use in analog compuiers and the input and ouwlpul circuils of
digital systems. The three basie cirewils are a summing amplifier, an tnde-
grator, and a vollage comparator. The lransistor circuils are combined inlo
a voltage encoder for translaling analog vollages inlo equivalent fime inder-
vals.

L. INTRODUCTION

Transistors, because of their reliability, small power consumption,
and small size find a natural field of application in electronie computers
and data transmission systems. These advantages have already been
realized by using point contact transistors in high speed digital com-
puters.' This paper describes the application of junction transistors to
precision circuits which are used in de analog computers and in the
mnput and output circuits of digital systems. The three basic circuits
which are used in these applications are a summing amplifier, an inte-
grator, and a voltage comparator. A general procedure for designing
these transistor circults 1s given with particular emphasis placed on new
design methods that are necessitated by the properties of junetion
transistors. The design principles are illustrated by specific circuits,
The fundamental considerations in the design of transistor operational
amplifiers are discussed in Seetion 2,0. In Section 3.0 an illustrative
summing amplifier is deseribed, which has a de aceuracy of better than
one part in 5,000 throughout an operating temperature range of 0 to
H0°C. The feedback in this amplifier is maintained over a broad enough
frequency band so that full accuracy is attained in about 100 micro-
seconds.

The design of a specific transistor integrator is presented in Section

* Bubmitted in partial fulfillment of the requirements for the degree of Doctor
of Electrical Engineering at the Polytechnic Institute of Brooklyn.
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4.0. The integrator can be used to generate a voltage ramp which is
linear to within one part in 8,000. By means of an automatic zero set
(AZS) circuit which uses a magnetic detector, the slope of the voltage
ramp is maintained constant to within one part in 8,000 throughout a
temperature range of 20°C to 40°C.

The voltage comparator, described in Section 5.0, is an electrical de-
viee which indicates the instant of time an input voltage waveform
passes through a predetermined reference level. By taking advantage
of the properties of semiconductor devices, the comparator can be de-
gsigned to have an accuracy of &5 millivolts throughout a temperature
range of 20°C to 40°C. .

In Section 6.0, the system application of the transistor circuits is
demonstrated by assembling the summing amplifier, the integrator, and
the voltage comparator into a voltage encoder. The encoder can be used
to translate an analog input voltage into an equivalent time interval
with an aceuraey of one part in 4,000. This aceuracy is realized through-
out a temperature range of 20°C to 40°C for the particular ecircuits
described.

20, FUNDAMENTAL CONSIDERATIONS IN THE DESIGN OF OPERATIONAL
AMPLIFIERS

The basic active circuit used in de analog computers is a direct coupled
negative feedback amplifier, With appropriate input and feedback net-
works, the amplifier ean be used for multiplication by a constant coef-
ficient, addition, integration, or differentiation as shown in Figure 1.2
The accuraey of an operational amplifier depends only on the passive
components used in the input and feedback cireuits provided that there
is sufficient negative feedback (usually greater than 60 db). The time
that is required for the amplifier to perform a ealeulation is an inverse
function of the bandwidth over which the feedback is maintained.
Thus a fundamental problem in the design of an operational amplifier
is the development of sufficient negative feedback over a reasonably
broad frequency range. The associated problem is the realization of
satisfactory stability margins. Finally there is the problem of reducing
the drift which is inherent in direct coupled amplifiers and particularly
troublesome for transistors because of the variation in their character-
istics with temperature.

The first step in the design is the blocking out of the configuration
for the forward gain cirenit (designated A in Fig. 1). Three primary re-
quirements must be satisfied:

(1) Stages must be direct coupled.
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(2) Amplifier must provide one net phase reversal.

(3) Amplifier must have enough current gain to meet accuracy re-
gquirements.

Three possible transistor connections are available:” (a) the common
base connection which may be considered analogous to the common
grid vacuum tube connection; (b) the common emitter connection
which is analogous to the common cathode connection; and (c) the
commaon collector connection which is analogous to the cathode follower
connection. These three configurations together with their approximate
equivalent circuits are shown in Fig. 2. It has been shown' that for
most junction transistors the cireuit element a is given by the expression

a = sech [E {1+ pr.,.}""] (1)*

where W is the thickness of the transistor base region, L., is the diffusion
length and r, the lifetime of minority charge carriers in the base region,
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Fig. 1 — Bummary of operational amplifiers.

* This expression assumes that the injection factor ¥ and the collector efficiency
a; are both unity. This is a good approximation for all alloy junction transistors
and most grown junction transistors.
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and p = jw. At frequencies less than w,/2w, (1) can be approximated by

P (2"

where a, is the low frequency value of

=]l - E(E)z and Wy = 24D
i == E L.-H ] a

W

(D, is the diffusion constant for the minority charge carriers in the base

region). A readily measured parameter called alpha (), the short
eireuit current gain of a junction transistor in the common base connec-
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tion, is related to a by the equation

aZ, +n

il En_"ri

(3)

For most junection transistors the base resistance, ry, is much smaller
than the eollector impedance | Z, |, at frequencies less than we/2x. There-
fore, & & a and w,/2r is very nearly equal to the alpha-cutoff frequency,
the frequency at which | @ | is down by 3 db.

The transistor parameters r. and r, are actually frequency sensitive
and should be represented as impedances." However, good agreement
between theory and experiment is obtained at frequencies less than
e,/ 2r with r, and ry assumed constant.

The choice of an appropriate transistor connection for a direct coupled,
negative feedback amplifier, is based on the following reasoning. The
common base connection may be ruled out immediately because this
connection does not provide current gain unless a transformer interstage
is used. The common emitter connection provides short eireuit current
gain and a phase reversal for each stage. Thus if the amplifier is com-
posed of an odd number of common emitter stages, all three requirements
previously listed, are satisfied. A common emitter cascade has the addi-
tional practical advantage, that by alternating n-p-n and p-n-p types of
transistors, the stages ean be direet coupled with practically zero inter-
stage loss,’

The ecommon collector connection provides short circuit current gain
but no phase reversal. Consequently, the de amplifier eannot eonsist
entirely of common collector stages and operate as a negative feedback
amplifier. This paper will consider only the common emitter connection
since, in general, for the same number of transistor stages, the common
emitter cascade provides more current gain than a eascade composed of
both common colleetor and common emitter stages.

2.1 Evaluation of External Vollage Gain

Since the equivalent circuit of the junetion transistor is eurrent acti-
vated, it is convenient to treat feedback in a single loop transistor ampli-
fier ag a loop current transmission (refer to Appendix I) instead of as a
loop voltage transmission which is commonly used for single loop vacuum
tube amplifiers® Fig. 3 shows a single loop feedback amplifier in which
a fraction of the output current is fed back to the input. A is defined as
the short eircuit current gain of the amplifier without feedback, and g is
defined as the fraction of the short eireuit output current {or Norton
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equivalent eirenit current) fed back to the imput summing node. With
these definitions,

Im:: I AIIH' {4]'
Iy = Bl (5)

where Ig is the Norton equivalent short eireuit current.
From Kirchhofi’s first law

-irn-r’ — I]l-i + Iﬂ {E']'
Combining relations (4) to (6) yields

o _ 4 @

I 1-— Ap

Expression (7) provides a convenient method for evaluating the external
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Fig. 3 — Bingle loop feedback amplifier.

voltage gain of an operational amplifier. Fig. 4 shows a generalized op-
erational amplifier with N inputs. With this configuration,

v | BE; — 222
A bt
f:w=z[ 2 (8)
A

f=1

where K;, 7 = 1,2, --+, N, are the N input voltages referred to the
ground node.
Zi,i=1,2 ---, N, are the ¥ input impedances
Zys is the input impedance of the amplifier measured at the
summing node with the feedback loop opened.
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i = TR '
- Toc — I
it 1 (10)
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where Zgpr i8 the output impedance of the amplifier measured with the
feedback loop opened. The expression for the output voltage is obtained
by combining (7), (8), (9), and (10).
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Ag is equal to the current returned to the summing node when a unit

(11)*
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Fig. 4 — Generalized operational amplifier.

current is placed into the base of the first transistor stage (f;n = 1).
If | A8 | is much greater than | Zpn'/Zx | and

Ziy
1
i E{ Z,

then
Uil L (12)

yu
The accuracy of the operational amplifier rlnpends on the magnitude of
Ag and the precision of the components used in the input and feedback
networks as can be seen from (11). There is negligible interaction between
the input voltages beeause the input impedance at the summing node is
equal to Zy' divided by {1 — A8).” This impedance is usually negligibly
small compared to the impedances used in the input circuit.

* In general, E; and Egpr are the Laplace transforms of the input and output
voltages, respectively.
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2.9. Methods Used to Shape the Loop Current Transmission

An essential consideration in the design of a feedback amplifier is the
provigion of adequate margins against instability. In order to accomplish
this objective, it is necessary to choose a eriterion of stability. In Ap-
pendix I it is shown that it is convenient and valid to base the stability
of single loop transistor feedback amplifiers on the loop current trans-
mission. In order to caleulate the loop current transmission of the de
amplifier, the feedback loop iz opened at a convenient point in the cir-
cuit, usually at the base of one of the transistors, and a unit current is
injected into the base (refer to Fig. 24). The other side of the opened
loop iz connected to ground through a resistance (r, + n) and voltage
rfi . In many instances, the voltage r.ls can be neglected. If | Zx | and

il
j=l &,
are much greater than | Zu |, then AB is very nearly equal to the loop
current transmission. For absolute stability™ the amplitude of the loop
current transmission must be less than unity before the phase shift
(from the low frequency value) exceeds 180°. Consequently, this charac-
teristic must be controlled or properly shaped over a wide frequency
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Fig. 5 — Current transmission of & common emitter stage.
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band, In addition, it is desirable that the feedback fall off at a rate equal
to or less than 9 db per octave in order to insure that the de amplifier
has a satisfactory transient response.

Three methods of shaping are described in this paper; local feedback
shaping, interstage network shaping, and § cirenit shaping. Local feed-
back shaping will be described first. The analysis starts by considering
the current transmission of & common emitter stage, equivalent circuit
shown in Fig. 2(b). If the stage operates into a load resistance I, , then
to a good approximation the eurrent transmission is given by

il AN
i JEd_ Bl (13)*
h 4y z
w | wawe(l — ag + 8)
where
i Re + Te
r‘

il (1 — ag + §)

1+ 4 1

gt
f‘i == alpha-cutoff frequency
2r

1
b - T, o

It is apparent from expression (13) that if (1 — ay + &) iz less than 0.1,
then the eurrent gain of the common emitter stage falls off at a rate of
(s db per octave with a corner frequency at w, .1 A second 6 db per octave
cutoff with a corner frequency at [e, + (1 + §)w.] is introduced by the
7" term in the denominator of (13). A typical transmission characteristic
is shown in Fig. 5. The current gain of the common emitter stage is unity
at a frequency equal to

T¥5 .

1
L e

* Expressions (13) and (14) are poor approximations at frequencies above

g T .
t Strietly speaking the eorner frequency is equal to w;/2s. However, for sim-

plicity, corner frequencies will be expressed as radian frequencies.
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Sinee the phase crossover of A8* is usually placed below this frequency,
the principal effect of the second cutoff is to introduce excess phase. This
excess phase can be minimized by operating the stage into the smallest
load resistance possible, thus maximizing w, .

An undesirable property of the common emitter transmission charac-
teristic 1s that the corner frequency wi oeccurs at a relatively low fre-
quency. However, the corner frequency can be increased by using loeal
feedback as shown in Fig. 6i{a). Shunt feedback is used in order to pro-
vide a low input impedance for the preceding stage to operate into. The
amplitude and phase of the current transmission is controlled prin-.
cipally by the impedances Z, and Z: . If | A8 | is much greater than one,
and if 8 = Z,/Zs, then from (7) the current transmission of the stage is
approximately equal to —Z,/Z, . Because of the relatively small size of
Ag for a single stage, this approximation is only valid for a very limited
range of values of Z; and Z; . If Z, and Z, are represented as resistances
Ry and R:, then the eurrent transmission of the eireuit is given to a good
approximation by

iy
7 i 1 —
G == - . = +1; (14)
I, R1+ru]'|:1+£+ I :|
on’  og{l — @¢ + %)
where .
- B+ ,.._'_,Hl"l"i"-
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S
+_.
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|
il 2

By comparing (14) with (13}, it is evident that the negative feedback
has reduced the low-frequency current gain from ao/{1 — a¢) (5 may
usnally be neglected) to

s )( o ),.__, Ry : (il
2 g e it S E e el

* The phase erossover of A8 is equal to the frequeney at which the phase shift
of A from its low-frequency value 18 180°.
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The half power frequency, however, has been inecreased from

1 — o to l — a4 ¥
RIS il gf1
e Loy Gy [15F3

as shown by the dashed curves in Fig. 5.*

The bandwidth of the common emitter stage can be increased without
reducing the current gain at de and low-frequencies by representing Z,
by a resistance R, , and Z; by a resistance R in series with a condenser
(s . If 1/Rss is much smaller than w,, then the current transmission of
the stage 1= given by (14) multiplied by the factor

.- (1 + f)

TR, (15)

(1+5)

where

I'.|. | ] i
ll iy -
gt “‘+R| =+ r.
el ¥} - i, Y gy e, |

The current transmission for this ease is plotted in Fig. 6(b). The con-
denser O introduces a rising 6 db per octave asymptote with a corner
frequency at we . At de the current gain is equal to

(AT GCIRIo
Ty

A second method of shaping the loop current transmission char-
acteristic of a feedback amphfier 1= by means of interstage networks.
These networks are usually used for reducing the loop current gain at
relatively low frequencies while introducing negligible phase lag near
the gaint and phase erossover frequencies. Interstage networks should
be designed to take advantage of the variable transistor input impedance.
The input impedance of a transistor in the common emitter connection

* In Figs. 5 and 6(b), the [actor Rs/(R: + ry) is assumed equal to unity. This is
i oo 1|.|!?rruxlmu.llun sinee in practice Ry is equal to several thousand ohms while
rp 18 oqual to about 100 olims.

J The gain crossover frequeney is equal to the frequency at which the magni-
tude of A8 is unity,
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is given by the expression
Zmror = 1+ 1l — Gy) (16)

where (; is the eurrent transmission given by (13). If G at de is much
greater than 1, then the input impedance and the current transmission
of the common emitter stage fall off at about the same rate and with
approximately the same corner frequency (e). The input impedance
finally reaches a limiting value equal to r. + .

A partieularly useful interstage network is shown in Fig. 7(a). This
network is analyzed in Appendix IT and Fig. 7(b) shows a plot of the
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resulting current transmission. The amplitude of the transmission falls
off at a rate of 6 db per octave with the corner frequency ws determined
by (3 and the low frequency value of the transistor input impedance.
The inductance L; introduces a 12 db per octave rising asymptote with
a corner frequency at wy = 1/4/ Ly . The corner frequencies wy and ws
are selected in order to obtain a desirable loop current transmission
characteristic (specific transmission characteristics are presented in Sec-
tions 3.0 and 4.0). The half power frequency of the current transmission
of the transistor, w; , does not appear directly in the transmission char-
acteristic of the cireuit because of the variation in the transistor input
impedance with frequency.

The overall 8 circuit of the feedback amplifier can also be used for
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Fig. 7 — Interstage shaping network.
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shaping the loop current transmission. If the feedback impedance Zx
(Fig. 4) consists of a rezsistance By and condenser C'x in parallel, then
the loop current transmission is modified by the factor

(l;i-’) (17)

(1)

1
m.‘ _ ————_—

ReCx
_ (Ru + Ro)

"R BxCx

Since Zx affects the external voltage gain of the operational amplifier,
(11), the corner frequency w; must be located outszide of the useful fre-
quency band. Usually it is placed near the gain erossover frequency in
order to improve the phase margin and the transient response of the
amplifier,

In Sections 3.0 and 4.0, the above shaping techniques are used in the
design of specific operational amplifiers.

where

3.0. THE SUMMING AMPLIFIER
a.d. Cirewil Arrangement

The schematie diagram of a de summing amplifier is shown in Fig. 8.
From the discussion in Section 2.0 it is apparent that each common
emitter stage will contribute more than 90 degrees of high-frequency
phase lag. Consequently, while the magnitude of the low-frequency
feedback increases with the number of stages, this is at the expense of
the bandwidth over which the negative feedback ecan be maintained.
It is possible to develop 80 db of negative feedback at de with three
common emitter stages. This corresponds to a de accuracy of one part
in 10,000. In addition, the feedback ecan be maintained over a broad
enough band in order to permit full accuracy to be attained in about
100 mieroseconds. Thus it is evident that the choice of three stages repre-
sents a satisfactory compromise between aceuracy and bandwidth ob-
jectives.

The output stage of the amplifier is designed for a maximum power
dissipation of 75 milliwats and maximum voltage swing of %25 volts
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when operating into an external load resistance equal to or greater than
50,000 ohms, A p-n-p transistor is used in the second stage and n-p-n
transgistors are used in the first and third stages. This circuit arrangement
makes it posgible to conneet the eollector of one transistor directly to
the base of the following transistor without introducing appreciable
interstage loss. “Shot” noise” and de drift are minimized by operating
the first stage at the relatively low collector current of 0.25 milliamperes.
The 110,000-0hm resistor provides the colleetor current for the first
stage, and the 4,700-0hm resistor provides 3.8 milliamperes of collector
current for the second stage. The series 6,8300-0chm resistor between the
secotd and third stages, reduees the collector to emitter potential of the
second stage to about 4.5 volts,

The loop current transmission is shaped by use of loeal feedback ap-
plied to the second stage, by an interstage network connected between
the second and third stages, and by the overall 8 eircuit. The 200-0hm
resistor in the collector eirenit of the second stage is, with reference to
Fig. 6(a), Z, . The impedance of the interstage network can be neglected
since it is small compared to 200 ohms at all frequencies for which the
local feedback is effective. The interstage network is connected between
the second and third stages in order to minimize the output noise voltage.
With this eireuit arrangement, practically all of the output noise voltage
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Fig. B — DC gumming amplifier.
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Fig. # — Gain-frequency asymptotes for summing amplifier.

is generated in the first transistor stage. If the transistor in the first
stage has a noise figure less than 10 db at 1,000 eycles per second, then
the RMS output noise voltage is less than 0.5 millivolts,

Fig. 9 shows a plot of the gain-frequency asymptotes for the sum-
ming amplifier determined from (13), (14), (15), (17), and (A6) under
the assumption that the alphas and alpha-cutoff frequenecies of the tran-
gistors are 0.985 and 3 me, respectively. The corner frequencies intro-
duced by the 0.5 microfarad condenser in the interstage network, the
local feedback eircuit, and the cutoff of the first and third stages are so
located that the current transmission falls off at an initial rate of about
9 db per octave. This slope is joined to the final asymptote of the loop
transmission by means of a step-type of transition.” The transition is
provided by 3 rising asymptotes due to the interstage shaping network,
and the overall 8 circuit. An especially large phase margin is used in order
to insure a good transient performance.,

Fig. 10 shows the amplitude and phase of the loop current trans-
mission. When the amplitude of the transmission is 0 db, the phase angle
is —=202° and when the phase angle is —360°, the amplitude is 27.5 db
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Fig. 10 — Loop eurrent transmission of the summing amplifier.

below 0 db. The amplifier has o 68° phase margin and 27.5 db gain margin.
In order to insure sufficient feedback at de and adequate margins against
instability, the transistors used in the amplifier should have alphas in
the range 0.98 to 0.99 and alpha-cutoff frequencies equal to or greater
than 2.5 me.

3.2. Awtomatic Zero Sel of the de Summing Amplifier

The application of germanium junction transistors to de amplifiers
does not eliminate the problem of drift normally encountered in vacuum
tube circuits. In fact, drift is more severe due principally to the varia-
tion of the transzistor parameters alpha and saturation current with
temperature variation. Even though the amplifier has 80 db of negative
feedback at de, this feedback does not eliminate the drift introduced by
the first transistor stage. Because of the large amount of de feedback,
the collector current of the first stage is maintained relatively constant.
The collector current of the transistor is related to the base current by
the equation

Joer iy i

I'-l-n 1 —a

Iy (18)

The saturation eurrent, Ioo , of & germanium junetion transistor doubles
approximately for every 11°C increase in temperature. The factor
a/(1 — a) increases by as much as 6 db for a 25°C increase in tempera-
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ture. Consequently, the base current of the first stage, [, , and the output
voltage of the amplifier must change with temperature in order to main-
tain I, constant. The drift due to the temperature variation in a can be
reduced by operating the first stage at a low value of collector current.
With a germanium junction transistor in the first stage operating at a
ecollector eurrent of 0.25 milliamperes, the output voltage of the amplifier
drifts about 41.5 volts over a temperature range of 0°C to 50°C. It is
possible to reduce the de drift by using temperature sensitive elements
in the amplifier.'": " In general, temperature compensation of a transistor
de amplifier requires careful selection of transistors and eritical adjust-
ment of the de biases. However, even with the best adjustments, tem-
perature compensation cannot reduce the drift in the amplifier to within
typical limits such as 25 millivolts throughout a temperature range of
0 to 50°C. In order to obtain the desired accuracy it is necessary to use
an automatic zero set (AZS) vireuit.

Fig. 11 shows a de summing amplifier and a cirenit arrangement for
reducing any de drift that may appear at the output of the amplifier.
The output voltage is equal to the negative of the sum of the input volt-
ages, where each input voltage is multiplied by the ratio of the feedback
resistor to its input resistor. In addition, an undesirable de drift voltage
15 also present in the output voltage. The total output voltage is

= R
Eot = =2 E; 2= + Eann (19)
F=i R.J'
In order to isolate the drift voltage, the N input voltages and the output
voltage are applied to a resistance summing network composed of re-
sistors By, By, Rs, -+, Rx'. The voltage across R, is equal to

E, = % Earine (20)
if
Re R, Rf;y §=1,2+,N
and

RUR!'=RIR;; .?:=11-2r"'1-N

The voltage E, iz amplified in a relatively drift-free narrow band de
amplifier and is returned as a drift correcting voltage to the input of the
de summing amplifier. If the gain of the AZS eireuit is large, the drift
voltage at the output of the summing amplifier can be made very small.

Fig. 12 shows the cireuit diagram of a summing amplifier which uses
a mechanical chopper in the AZS circuit.” The AZS circuit consists of a
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registance summing network, a 400-cycle synchronous chopper, and a
tuned 400-cycle amplifier. Any drift in the summing amplifier will pro-
duce a de voltage F, at the output of the summing network. The chopper
converts the de voltage into a 400 eycles per second waveform. The
fundamental frequency in the waveform is amplified by a factor of about
400,000 by the tuned amplifier. The synchronous chopper rectifies the
sinusoidal output voltage and preserves the original de polarity of E, .
The rectified voltage is filtered and fed back to the summing amplifier
as an additional input current. The loop voltage gain of the AZS circuit
at de is about 54 db. Any de or low-frequency drift in the summing
amplifier is reduced by a factor of about 500 by the AZ3 circuit. The
drift throughout a temperature range of 0 to 50°C is reduced to 3
millivolts.

Since the drift in the summing amplifier changes at a relatively slow
rate, the loop voltage gain of the AZS eircuit can be cutoff at a relatively
low frequency. In this particular case the loop voltage gain is zero db at
about 10 cycles per second.

440, THE INTEGRATOR
4.1. Bastc Design Consideralions

The design principles previously discussed are illustrated in this sec-
tion by the design of a transistor integrator for application in a voltage
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Fig. 11 — DC summing amplifier with automatic zero set.
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encoder, The integrator is required to generate a 15-volt ramp which is
linear and has a constant slope to within one part in 8,000, This ramp is
to have a slope of 5 millivolts per microsecond for an interval of 3,000
microseconds,

The first step in the design is to determine the bandwidth over which
the negative feedback must be maintained in order to realize the desired
output voltage linearity. The relationship between the output and input
voltage of the integrator can be obtained from expression (11 by sub-
stituting (1/pe) for £ and R for Z; (refer to Fig. 1).

.E[..En:] Jiﬁ + HIK'I}C }

.E[En::n'r] . pRC EI_H,

i

where £[Fopr] and £[FEx] are the Laplace transforms of the output and
input voltages, respectively. In order to generate the voltage ramp, a
step voltage of amplitude E iz applied to the input of the integrator. The
term £ /R is negligible compared to unity at all frequencies. Therefore,

(i AB EZn 1 ] ,
eBor] = oo [ A0+ B[ L] e
It will be assumed that A8 is given by the expression
-K
AB = .
w, P (23)
(I i P J (1 i Na}

Expression (23) implies that Ag falls off at a rate of 6 db per octave at
low frequencies and 12 db per octave at high frequencies. The output
voltage of the integrator, as a function of time, is readily evaluated by
substituting (23) into (22) and taking the inverse Laplace transform of
the results. A good approximation for the output voltage is I

I HEA E |:E il E! il E—I_lfh!+u|:ll.|"]] HL'II Y’EW}:‘]
S0OUT Rﬂ EH ﬁm}
' (24)*
+ ERIH [I Hil !:-[u] HED + ﬂ—ll;!u:-l-mﬁl!.rﬂl cOs \.’T{ﬂsﬂ

k

The linear voltage ramp is expressed by the term —(Et/RC). The
additional terms introduce nonlinearities. The voltage ramp has a slope
of 5 millivolts per microsecond for E = —21 volts, £ = 42,000 ohms,

=

I In evnluating Eopr i’rl, was u$u1.l1med that Zmx' was equal to a ﬁ'._ced resiatnnes
R’y the low frequency input resistance to the first common emitler stage. A
complete analysiz indieates that this assumption makes the design conservative.
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and ¢ = 0.1 microfarads. For these cireuit values, and K = 10,000
(ecorresponding to 80 db of feedback) the nonlinear terms are less than
1/8,000 of the linear term {evaluated when { = 4 X 107 seconds) if
fi = 30 eycles per second, f; = 800 cyeles per second, and if the first
1000 microseconds of the voltage ramp are not used. Consequently, 80
db of negative feedback must be maintained over a band extending from
30 to 800 eyeles per second in order to realize the desired output voltage
linearity.

4.2, Detailed Cireuit Arrangement

Fig. 13 shows the circuit disgram of the integrator. The method of
hiasing is the same as is used in the summing amplifier. The 200,000-ohm
resistor provides approximately 0.5 milhamperes of collector eurrent for
the first stage. The 40,000-ohm resistor provides approximately 0.9
milliamperes of collector current for the second stage. The output stage
is designed for a maximum power dissipation of 120 milliwatts and for
an output voltage swing between —5 and +24 volts when operating
into a load resistance equal to or greater than 40,000 ohms.
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Fig. 13 — Intagrator.
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Fig. 14 — Loop current transmizsion of the integrator.

The negative feedback in the integrator has been shaped by means of
loeal feedback and interstage networks as deseribed in Seetion 2.2, The
loop current transmission has been calculated from (13), (14), (15), and
{A6) and is plotted in Fig. 14. The transmission is determined under the
assumption that the alphas of the transistors are 0,985 and the alpha-
entoff frequencies are three megacycles. Bince the feedback above 800
eyeles per second falls off at a rate of 9 db per octave, the analysis in
Section 4.1 using (23), is conservative. The integrator has a 44° phase
margin and a 20 db gain margin, In order to insure sufficient feedback
between 30 and 800 cycles per second and adequate margins against
instability, the transistors used in the integrator should have alphas in
the range 0.98 to 0.99 and alpha-cutoff frequencies equal to or greater
than 2.5 megacycles.

The silicon diodes Iy and [ are required in order to prevent the
integrator from overloading. For output voltages between —4.0 and 21
volts the diodes are reverse biased and represent very high resistances, of
the order of 10,000 megohms. If the output voltage does not lie in this
range, then one of the diodes 18 forward biased and has a low resistance,
of the order of 100 chms. The integrator is then effectively a de amplifier
with a voltage gain of approximately 0.1. The silicon diodes affect the
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linearity of the voltage ramp slightly due to their finite reverse resistances
and variable shunt capacities, If the diodes have reverse resistances
greater than 1000 megohms, and if the maximum shunt capacity of each
diode is less than 10 micromicrofarads (ecapacity with minimum reverse
voltage), then the diodes introduce negligible error.

As stated earlier, the integrator generates a voltage ramp in response
to a voltage step. This step is applied through a transistor switch which
is actuated by a square wave generator capable of driving the transistor
well into carrent saturation. Such a switch is required because the
equivalent generator impedance of the applied step voltage must be very
small. A suitable circuit arrangement is shown in Fig. 15. For the par-
ticular applieation under disenssion the switch S is closed for 5,000
microseconds. During this time, the voltage £ = —21V appears at the
input of the integrator. At the end of this time interval, the transistor
switch is opened and a reverse current is applied to the feedback con-
denszer (', returning the output voltage to — 4.0 volts in about 2500 micro-
seconds. An alternate way of specifying a low impedance switch is to say
that the voltage across it be close to zero. For the transistor switch, con-
nected as shown in Fig. 15, thiz means that its collector voltage be within

Dz

H -

Dy
|——H_--

—{ FIAST STAGE
oF b
E =} Ca AMPLIFIER
S _AAN, b
T =i+
42 K 250 F
+i08v ,.:?J.‘.u 4 —
THAMSMSTOR
SWITE n-p-n
ol A FELLAL.
AN g
20K ZERQ
‘l’ EaL 1 SET
25yp— I' !
‘l'. 1] 1
a —_ }[| +108W =05
T G (Ta AZs)
o so00l, =T B4 150K Xz
""'5 - E _--'-
——— ""'l Y Y Y 1o AZs)
—10,5% wﬁ. mFI
RESIDLUAL I

YOLTAGE BALANCE o

Fig. 15 — Input cireuit arrangement of the integrator.
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one millivelt of ground potential during the time the transistor 1s in
saturation. Now, it has been shown'™ that when a junetion transistor in
the common emitter connection is driven into eurrent saturation, the
minimum voltage between collector and emitter is theoretically equal to
kY 4 1 (25)
) 0y
where k is the Boltemann constant, T" is the absolute temperature, ¢ is
the charge of an electron ((kT/g) = 26 millivolts at room temperature),
and ey is the inverse alpha of the transistor, i.e., the alpha with the
emitter and collector interchanged. There is an additional voltage drop
across the transistor due to the bulk resistance of the collector and
emitter regions (including the ohmic contacts). A symmetrical alloy
junetion transistor with an alpha close to unity is an excellent switch
because both the collector to emitter voltage and the colleetor and emit-
ter resistances are very small,

At the present time, a reasonable value for the residual voltage* be-
tween the collector and emitter is 5 to 10 millivolts. This voltage can be
eliminated by returning the emitter of the transistor switch to a small
negative potential. This method of balancing is practical because the
voltage between the collector and emitter of the transistor does not
change by more than 1.0 millivolt over a temperature range of 0°C to
50°C.

4.3. Aulomalic Zero Set of the Inlegrator

A serious problem associated with the transistor integrator is drift.
The drift is introduced by two sources; variations in the base current of
the first transistor stage and variations in the base to emitter potential
of the first stage with temperature. In order to reduce the dnft, the
input resistor & and the feedback condenser ' must be dissociated from
the base eurrent and base to emitter potential of the first transistor stage.
This is accomplished by placing a blocking condenser €' between point
T and the base of the first transistor as shown in Fig. 15. An automatic
zero set cirenit is required to maintain the voltage at point T' equal to
gera volts, This AZS cirenit uses a magnetic modulator known as a
“mngnettanr."”

A block diagram of the AZS circuit is shown in Fig. 16. The de drift
current at the input of the amplifier is applied to the magnettor. The
carrier current required by the magnettor is supplied by a local transistor

* The inverse alphas of the transistora used in this application were greater
than 0.95.
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oscillator. The useful output of the magnettor is the second harmonie of
the carrier frequency. The amplitude of the second harmonic signal is
proportional to the magnitude of the de input current and the phase of
the second harmonie signal is determined by the polarity of the de input
eurrent. The output voltage of the magnettor is applied to an active
filter which is tuned to the second harmonic frequency. The signal is
then amplified in a tuned amplifier and applied to a diode gating circuit.
Depending on the polarity of the de input current, the gating circuit
passes either the positive or negative half cyele of the second harmonie
signal. In order to accomplish this, a square wave at a repetition rate
equal to that of the second harmonic signal is derived from the carrier
oscillator and actuates the gating circuit.

A circuit diagram of the AZS circuit is shown in Figs. 17(a) and 17(b).
The various sections of the cireuit are identified with the blocks shown
in Fig. 16. The active filter is adjusted for a @ of about 300, and the gain
of the active filter and tuned amplifier is approximately 1000, The AZS
cireuit provides 1.0 volt of de output voltage for £0.05 microamperes
of de input current. The maximum sensitivity of the circuit is limited
to 0,005 microamperes beeause of residual second harmonie generation
in the magnettor with zero input current.

When the transistor integrator is used together with the magnettor
AZS circuit, the slope of the voltage ramp i3 maintained constant to
within one part in 8,000 over a temperature range of 20°C to 40°C.

5.0. The Vollage Comparator

The voltage comparator is one of the most important circuits used in
analog to digital converters. The comparator indicates the exact time
that an input waveform passes through a predetermined reference level.
It has been common practice to use a vacuum tube blocking oscillator
as a voltage comparator.'® Due to variations in the contact potential,
heater voltage, and transeonduetance of the vacuum tube, the maximum

AC ML
NPT ACTIVE | D GATING ﬁ"’:'_ul
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t GENERATOR

Fig. 16 — Block diagram of AZS eireuit.
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aceuracy of the circuit is limited to about 100 millivolts. By taking
advantage of the properties of semiconductor devieces, the transistor
blocking oscillator comparator can be designed to have an aceuracy of
+ 5 millivolts throughout a temperature range of 20°C to 40°C.

5.1. General Deseription of the Voltage Comparator

Fig. 18 shows a simplified circuit diagram of the veltage comparator.
Except for the silicon junction diode IJ;, this circuit is essentially a
transistor blocking oscillator. For the purpose of analysis, assume that
the reference voltage V. is set equal to zero. When the input voltage V.,
is large and negative, the silicon diode Iy is an open circuit and the june-
tion transistor has a collector current determined by Ky and Ey [Expres-
gsion (18)]. The base of the transistor resides at approximately —0.2
volts. As the input voltage V; approaches gero, the reverse bias across
the diode I}y decreases. At a critical value of V; (a small positive poten-
tial), the dynamie resistance of the diode is small enough to permit the
circuit to become unstable. The positive feedback provided by trans-
former T forces the transistor to turn off rapidly, generating a sharp
output pulse across the secondary of transformer T . When V,; is large
and positive, the diode I); is a low impedance and the transistor is main-
tained cutoff. In order to prevent the comparator from generating more
than one output pulse during the time that the circuit is unstable, the
natural period of the circuit as a blocking oscillator must be properly
chosen. Depending on this period, the input voltage waveform must
have a certain minimum slope when passing through the reference level
in order to prevent the circuit from misfiring.

The comparator has a high input impedance except during the switch-
ing interval.* When V', is negative with respect to the reference level, the
input impedanee is equal to the impedance of the reverse biased silicon
diode. When V' is positive with respect to the reference level, the input
impedance iz equal to the impedance of the reverse biased emitter and
collector junctions in parallel. This impedance is large if an alloy
junction transistor is used. During the switching interval the input im-
pedance is equal to the impedanee of a forward biased silicon diode in
series with the input impedance of a common emitter stage (approxi-
mately 1,000 ohms). This loading effect is not too serious since for the
cirenit dezeribed, the switehing interval is less than 0.5 microseconds.

The voltage eomparator shown in Fig. 18 operates accurately on
voltage waveforms with positive slopes. The voltage comparator will
operate accurately on waveforms with negative slopes if the diode and

* The switching interval is the time required for the transistor to turn off.
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battery potentials are reversed and if an n-p-n junction transistor is
used.

5.2. Faclors Delermining the Accuracy of the Vollage Comparalor

Fig. 19 shows the ac equivalent cireuit of the voltage comparator. In
the equivalent cirenit R, is the dynamic resistance of the diode D, , Rg
is the source resistance of the input voltage, and R is the impedance of
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the load R, as it appears at the primary of the transformer 7> . B, is a
function of the de voltage across the diode Iy . At a prescribed value of
Ry , the comparator circuit becomes unstable and switehes. The relation-
ship between this ecritical value of R; and the transistor and eircuit
parameters iz obtained by evaluating the characteristic equation for the
cireuit and by determining the relationship which the coefficients of the
equation must satisfy in order to have a root of the equation lie in the
right hand half of the complex frequency plane. To a good approxima-
tion, the eritical value of B, i3 given by the expression

ﬂfﬂn

B+ hR; + = RN T GEE
R.C, + i,
g

(26)

where M is the mutual inductance of transformer T, and By = N”R, .
Since the transistor parameters which appear in expression (26) have only
a small variation with temperature, the eritical value of &, is independent
of temperature (to a first approximation).

It will now be shown that the comparator can be designed for an ac-
curaey of =5 millivolts throughout a temperature range of 20°C to 40°C.
In order to establish this aceuracy it will be assumed that the eritical
value of B, is equal to 30,000 ohms. This assumption is based on the
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Fig. 17(b), #0-cycle carrier oscillator,



324 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1956

data displayed in Fig. 20 which gives the volt-ampere characteristies of a
gilicon diode measured at 20°C and 40°C. Throughout this temperature
range, the diode voltage corresponding to the critical resistance of
30,000 ohms changes by about 30 millivolts. Fortunately, part of this
voltage variation with temperature is compensated for by the variation
in voltage Vi_. between the base and emitter of the junction transistor,
From Fig. 18,

T"r. — FEI- 0 Fb—a + '[_.r" {.ET]

For perfect compensation {V; independent of temperature), Vi, should
have the same temperature variation as the diode voltage Ve . Experi-
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Fig. 18 — Bimplified eirenit diagram of voltage comparator,

b
—_— 21:{1‘3} _@1-
i et
€™ pCe
R =N*R_

Fig. 19 — Equivalent cireuit of voltage comparator.
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mentally it is found that ¥V, for germanium junection transistors varies
by about 20 millivelts throughout the temperature range of 20°C to
40°C. Consequently, the variation in ¥, at which the eireuit switches 1s
4+ 5 millivolts.

It is apparent from Fig. 20 that the accuracy of the comparator in-
creases slightly for eritical values of R, greater than 30,000 ohms, but
decreases for smaller values. For example, the acenracy of the comparator
is 4= 10 millivolts for a critical value of B equal to 5,000 chms. In gen-
eral, the eritical value of Ry should be chosen between 5,000 and 100,000
ohma,

5.3. A Practical Voltage Comparalor

Fig. 21 shows the complete cireuit diagram of a voltage comparator.
The ecireuit is designed to generate a sharp output pulse* when the input
voltage waveform passes through the reference level (set by V) with a
positive slope. The pulse is generated by the transistor switching from
the “on’ state to the “off*”’ state. To a first approximation the amplitude
of the output pulse is proportional to the transistor collector eurrent
during the “on’ state. When the input voltage waveform passes through
the reference level with a negative slope an undesirable negative pulse is
generated. This pulse iz eliminated by the point contact diode Dy |

The voltage comparator is an unstable cirenit and has the properties

* For the cireuil values shown in Fig. 21, the output pulse has a peak amplitude

of about 6 volts, o rise time of 0.5 microsecondg, and a pulse width of about 2.0
migroseconds,
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of a free running blocking oscillator after the input voltage V: passes
through the reference level. After a period of time the transistor will
return to the “on” state unless the voltage V, is sufficiently large at this
time to prevent switehing. In order to minimize the required slope of the
input waveform the time interval between the instant V', passes through
the reference level and the instant the transistor would naturally switch
to the “on” state must be maximized. This time interval can be con-
trolled by connecting a diode Dy across the secondary winding of trans-
former T, . When the transistor turns off, the current which was flowing
through the secondary of transformer T(7.) continues to flow through
the diode D so that L. and I form an induetive discharge circuit. The
point contact diode I has a forward dynamic resistance of less than 10
ohme and a forward voltage drop of 0.3 volt. If the small forward re-
sistance of the diode is neglected, the time required for the current in the
cireuit to fall to zero is

_ LLs
L

During the induetive transient, 0.3 volt is induced into the primary of
transformer T; (since N = 1) maintaining the transistor cutoff. The
duration of the inductive transient can be made as long as desired by
increasing Ly . However, there is the practieal limitation that increasing
Ly also increases the leakage inductance of transformer Ty, and in turn,

T (28)

p=n-p
rt =4 MILS
Ly =Lz= 5 MILLMHEMRIES

AMPLITUDE .. L} =L%= 5 MILLIHENRIES
HF!UT A PUSTMEMT COEFFICIEMT OF
| i COUPLING = 0,99
'I\'A\"EIFUFM = & MEC POT
: - +
i = REFEREMCE
: I Ve & LEVEL
= = ADJUSTMENT
| AT
= 100 OHM
] POT,
—aky 1,8y L5V

Fig. 21 — Voltage comparator.



TRANSISTOR CIRCUITE FOR ANALOG AND DIGITAL 8YSTEMR 327

increases the switching time. The eireuit shown in Figure 21 does not
misfire when used with voltage waveforms having slopes as small as 25
millivolts per microsecond, at the reference level.

G.0. A TRANSISTOR VOLTAGE ENCODER

6.1. Circult Arrangement

The transistor cirenits previously deseribed ean be assembled into a
voltage encoder for translating analog voltages into equivalent time
intervals, This encoder is especially useful for converting analog informa-
tion (in the form of a de potential) into the digital code for processing
in a digital system. Fig. 22 shows a simplified block diagram of the
encoder. The voltage ramp generated by the integrator is applied to
amplitude selector number one and to one input of a summing amplifier.
The amplitude selector is a de amplifier which amplifies the voltage ramp
in the vieinity of zero volts. Voltage comparator number one, which
follows the amplitude selector, generates a sharp output pulse at the
exact instant of time that the voltage ramp passes through zero volts,

The analog input voltage, which has a value between 0 and =15
volts,* iz applied to the second input of the summing amplifier. The
output voltage of the summing amplifier is zero whenever the ramp

15V
I .
0 -l: ANALOG
300045 il
INTEGRATOR =
SUMMING
AMPLIFIER
AMPLITUDE
”':'K7 SELECTORS K 7‘“2
VOLTAGE
NG COMPARATORS Wa.2
ACiAT | TR G, Tl
t, ta

Fig. 22 — Bimplified bloek diagram of voltage encoder.

* If the analog input voltage does not lie in this range, then the voltage gain
of the summing nmgliﬁnr must be set so that the analog voltage at the output of
the summing amplifier lies in the voltage range between 0 and 415 volis,
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voltage is equal to the negative of the input analog voltage. At this
instant of time the second voltage comparator generates a sharp output
pulse. The time interval between the two output pulses is proportional
to the analog input voltage if the voltage ramp is linear and has a con-
stant slope at all times.

6.2, The Amplilude Seleclor

L]

The amplitude selector inereases the slope of the input voltage wave-
form (in the vicinity of zero volts) sufficiently for proper operation of the
voltage comparator. The amplitude selector consists of a limiter and a
de feedback amplifier as shown in Fig. 23. The two oppositely poled
silicon diodes Iy and Dy, limit the input voltage of the de amplifier to
about £0.65 volts. The de amplifier has a voltage gain of thirty, and so
the maximum output voltage of the amplitude selector is limited to
about £19.5 volts. The net voltage gain between the input and output
of the amplitude selector is ten.

The principal requirement placed on the de amplifier is that the input
current and the output voltage be zero when the input voltage is zero.
This is accomplished by placing a blocking condenser Uy between point
1" and the base of the first transistor stage, and by using an AZS circuit
to maintain point T' at zero volts, The de and AZS amplifiers are identical
in configuration to the amplifiers shown in Fig. 12. The de amplifier is

i
1.8 MEG

M

Cy

50K soK |230uF
——\WA— ’M#—I{"-—lz'——"—:'
5ﬂﬂﬂ.§

125 F

e

SILICON
Em CvY miopes

.
w

ATS

S0 K LS MEG

Fig. 23 — Block diagram of the amplitude selector.
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designed to have about 15.6 db less feedback than that shown in Fig. 10
sinee this amount is adequate for the present purpose.

The bandwidth of the de amplifier is only of secondary importance
because the phase shifts introduced by the two amplitude selectors in
the voltage encoder tend to compensate each other.

6.3, Erperimenial Resulls

The accuracy of the voltage encoder is determined by applying a
precisely measured voltage to the mput of the summing amplifier and by
measuring the time interval between the two output pulses. The maxi-
mum error due to nonhinearities in the summing amphfier and the voltage
ramp i8 less than ==0.5 microseconds for a maximum encoding time of
3,000 microseconds. An additional error i2 introduced by the noise voltage
generated in the first transistor stage of the summing amplifier. The
RMS noise voltage at the output of the summing amplifier is less than
0.5 millivelts. This noise voltage produces an RMS jitter of 0.25 micro-
seconds in the position of the second voltage comparator output pulse,
The over-allsaceuracy of the voltage encoder is one part in 4,000 through-
out a temperature range of 20°C to 40°C.
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ArrExnix 1

RELATIONEHIP BETWEEN RETURN DIFFERENCE AND LOOP CURRENT
TRANBMISIION

In order to place the stability analysis of the transistor feedback ampli-
fier on a sound hasis, it is desirable to use the concept of return differ-
enee.? It will be shown that a measurablé quantity, called the loop current
transmission, can be related to the return difference of aZ, with reference
r. . * t In Fig. 24, N represents the complete transistor network exclusive
of the transistor under consideration. The feedback loop is broken at
the input to the transistor by connecting all of the feedback paths to

* In this appendix it is assumed that the transistor under consideration is in
the gommon emitter connection. The discussion ean be readily extended to the
other transistor connections.

t This fact was pointed out by F. H. Tendick, Jr.
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Fig. 24 — Measurement of loop eurrent transmission.

ground through a resistance (r. 4 n) and a voltage r.Jfy. Using the
nomenclature given in Reference 8, the input of the complete cireuit is
designated as the first mesh and the output of the complete cireuit is
designated as the second mesh. The input and output meshes of the
transistor under consideration are designated 3 and 4, respectively. The
loop current transmission is equal to I, the total returned current when
a unit input current is applied to the base of the transistor.

The return difference for reference r, iz equal to the algebraie differ-
ence® between the unit input current and the returned currént Iy, Iy is
evaluated by multiplying the open circuit voltage in mesh 4 (produced
by the unit base current) by the backward transmission from mesh 4 to
mesh 3 with zero forward transmission through the transistor under
consideration. The open circuit voltage in mesh 4 is equal to (r, — aZ,).
The backward transmission is determined with the element aZ, , in the
fourth row, third column of the eircuit determinant, set equal to r,.
Hence, the return difference is expressed as

SN % B, ;ﬂﬂ (A1)t
Fo, = 8t (02— il (A2)
r, = ﬂ -1 Fl

From =141, (A8)

The relative return ratio T, is equal to the negative of the loop current
transmission and can be measured as shown in Fig. 24. The voltage r.[y
takes into account the fact that the junction transistor is not perfectly

* The positive direction for the returned eurrent is chosen so that if the original
cirenit is restored, the returned current flows in the same direction as the input

current.
t A"« is the network determinant with the element aZ, in the fourth row, third

column of the circuit determinant set equal tor, .
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unilateral. Fortunately, in many applications, this voltage can be neg-
lected even at the gain and phase crossover frequencies.

In the case of single loop feedback amplifiers, A™* will not have any
geros in the right hand half of the complex frequency plane. A study of
the stability of the amplifier can then be based on F,., or T'., .

Arrenpix I1

INTERSTAGE NETWOHRK SHAPING

This appendix presents the analysis of the cireuit shown in Fig. 7(a).
The input impedance of the common emitter connected junction tran-
sistor iz given by the expression

31:».—1-:}-:- = 4 ﬂ-“ I G:} {ﬁ‘l}

where ; is the current transmission of the common emitter stage, ex-
pression (13). The current transmission A of the complete circuit is equal
to

ofy Za
I, Z: + Zwrur

where Z; = K + pla + (1/pCy). Combining (13), (A4), and (A5) yields

- [(1+2) + o (R - 2)]

A= 7y (A5)

( ){l+pi”‘{ra+r.+ﬁ;+mh} (AB)
+ 9 [m Cm(ra+r.+ﬁ‘:}] I P }
wlma’ wawe(l — ay + &) witwaw (1l — ag + &)
where
5=RL+ri
ro
oo =@ +9)
I o g
Wy +u.1.,
L 1
" B+ )0
1
b

1

e I
iy = |:f'l| + {1‘_ FEs E}]{ra




332 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1056

Expression (AB) is valid if 1/ws 3> 1/ey + RaCh . The denominator of the
expression indicates a falling 6 db per oetave asymptote with a corner
frequency at ws . The second factor in the denominator can be approxi-
mated by a falling 6 db per octave asymptote with a corner frequency at

Te
wy [ﬂ. + [—-—1 S ﬁ:l:l
n+ e+ K+ il

plus additional phase and amplitude contributions at higher frequencies
due to the p* and p' terms. If

1
wiC'slls
then the cireuit has a rising 12 db per octave asymptote with a corner
frequency at ws . Fig. 7(b) shows the amplitude and phase of the current
transmission.
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