TRANSISTOR DC AWPLIFIER DESIGN THEORY
by
GERALD FRANK MeGOWAN

A THESIS
submitted to
OREGON STATE COLLEGE

in partial fulfillment of
the requirements for the
degree of
MASTER OF SCIENCE

June 1960



APPROVED:

Redacted for Privacy

igsistant Profeleor of Electrical Engineering

Tn Chareoa of Magjor

Redacted for Privacy

Hegd of Electrical Enginee ring Department

Redacted for Privacy

Chairmen of School Graduate committee

Redacted for Privacy

Pean of Graduate School

Date Thesis 1s presented g%ui/ 4, [959
7

Typed by Patricia Malango



ACKNOWLEDGMENT

The research which was done in preparation for this
paper was accomplished under the direction of Assistant
Professor Leonard J. Weber. The author would like to
express his sincere appreciation to Professor Weber for
his guidance and constructive criticisms.

Since the work presented in this paper is a part of
the research sponsored by the Oregon State College
Engineering Experiment Station, the author is grateful
to Mr. Milosh Popovich, head of the Engineering Experiment
Station, and his staff.

Also to be acknowledged are the generous assistance
and cooperation of Professor Louis N. Stone, head of the
Electrical Engineering Departmeni, other staff members
of the Electrical Engineering Department, and the staff
of the Oregon State College library.



TABLE OF CONTENTS

INTRODUCTION..0.0......l......Q...l......".......

1
DERIVATION OF DC AMPLIFITR REQUIREMENTS ececcescee 3
Operational Amplifier MY’i' sssssssseseene 3
Practical Considerations sescecscscescescvssce 7
Summary of Desired Specifications secececccece 8

DISCUSSION OF TRANSISTOR OPERAT IONAL CHARACTER =~
ISTICS ssesssssssscssssssssssssstasessstsossanssns 11
Physical Characteristics eseecsccscossecscences 1l
Inherent Limitatlons sseesecscscsescssscennss 13
Bias Stabilizeation seeccccccccccccccncsnnnnnse 17

ANALYSIS OF DC AMPLIFIER SYSTEMS eecesssccocsnscne 22
Dirﬂct-{:ﬂuplad Configurations sssessersssenee 22
Modulated DC Systens sececscscconcsvescsconse 29
Optimum System ANBlysis eceesssvcsssssscvcsnns 33

CIRCUIT DESIGN ANALYSIS OF THE OPTIMUM SYSTEM eecee 36
Preliminary Design LAYOUT svevcesccssssscsssns 36
Chopper Design Considerations secsssssssscses 58
AC Amplifier Design Considerations sesscecesse b7
Demodulator Design Analysis esececsssccscccscsee 60
Output DC Amplifier Design Requirements eeees 63

EXPERIMENTAL RESULTS cesvesecsssccccscssccccscscaccsns 66
DC tﬂplifier ResultsS ssccescvssssssssansscnce 66
Operational AIILplifior Results ssscesscsscssse 84

CONCLUSIONS cesssscsssonscscsscssscsscssnescsnssssscanase 88
General Discussion sesessssssccsssscssssnnsces 88
Possibilities For fMuture WOrk seeeccccsscccsce 91

BIBLIOGRAPHY ............l.!..ll..l..o...l....l..l 93
APPENDIX I. Illustrations of Test Results seceeses 96

APPENDIX II. Derivetion of General Operational
.&mpli fier Error R‘l&tionsmp esssses 108

APPENDIX III. Derivation of Integrating Operation-
al Amplifier Network Error
Relationship sesescscsscscsssscnces 113

APPENDIX IV. Derivation of Differentiating
Operational Amplifier Network Error
Relationship ese sssBBBEBERERIRERERER S 115



Figure
l.
2

Se

4.
5.
6.
7
B

9,
10.

1l.
12,

13.

14.

15.

16.

17.
18.

LIST OF FIGURES

An Operational Voltage Amplifier sececcese
An Operational Current Amplifier sscsceces
A Common-Emitter Single Battery Biasing

01r0u1t PR EE YRR R AR R RN R R R R R R R R RN SRR R R R

A Direct-Coupled Single-Sided DC Amplifier
A Differential DC Amplifier sescecccccsses
Chopper Stabilized DC Amplifier Systems ..
DC Chopper Amplifier Configurations seeee.
A Specific DC Chopper Amplifier Block

Diagram TR T R
The Basic Switeh Configurastions eseceecesss

Idealized PNP Common-Emitter Character-
istic CUTVYES seevsscseosscsesassnsssssnsnen

The Series-Palr Switch seseccececsccscncnns

The Shunt Series~Pair Switch, Inverted
Connection ecsecssssscscssscnssscsscssnncssnse

Typical Characteristics Curves for the
2N346 Transistor, Inverted Comnection s.e.

Collector-to-Emitter Saturation Voltages
end Base Current for Four Random 2N346
Transistors, Inverted Connection seesceece

Collector-to~Emitter Saturation Voltage
end Base Current for the 2N346 Transistor,
Inverted Connection ecesesssesccsscssscnces

Base Current and Collector-to-Base Voltage
for the 2N346 Transistor, Inverted
Connection ceccscescscesssssssssssccsssnssnaes

An BEquivalent Demodulator Circuit Diagram.
Experimental Test Sot-up sess seessNsOtannl

Page

18
23
27
30
31

36

42

44

49

50

51

61
66



Figure
19.

204

2l.

22

23,

24.

26,

26.

27.

28,

29.
30.
3l.

32,
33

S4.

35,

OQutput Voltage of the lInput Chopper With
a Zero Input Signal e sesessconsssosnsseRB R

Output Voltage of the Input Chopper With a
=1 Millivolt DC Input Signel sesesescceccee

Output Voltage of the Input Chopper With an
m Input Siml R R R R RN R R E R R R A E R NN

Input and Output Voltage Weveforms of the
AC Mplifier With Zero Input Signal esssven

Input and Output Voltage Waveforms of the
AC Amplifier With an Applied Input Signal
of «0.8 Millivolt SPsBNSNBONDRBEROTRRERORAN S

Output Voltage Waveform of the AC Amplifier
With an AC External Signal esessssssssnsnen

Response of the Demodulator Switech to
Large Signals sesesscccscsssssssccsessocnsss

Input and Output Voltage Waveforms of  the
Demodulator in Response to a DC Input

Si@&l R R R R R R R R R R A R R R R R R R A R R R A R R N

Input and Output Voltage Waveforms of.the
Demodulator in Response to an AC Input

31gnal (AR R R R R A AR R AR R R L R R R R R A R RN

Output Voltage Waveform of the Overall DC
AmMpPLITIer cecsccsscscsnsssensscccssanssnsen

Noise at Output of the Overall DC Amplifier
Bﬂitching Voltage WavefOTM secescscsssscens
Overall DC Amplification and Chopping

FreqQuUency cecssccescsccsssssasascsssansassse
AC Amplifier Frequency ReSpONSe ssesscssess
Overall Open~-Loop DC Amplifier Frequency

RO'wnBO S0 0B ONBNNRBO O RONBANRORBEERBOES

Demodulator and Output DC Amplifier

Page

67

68

69

70

71

71

72

73 .

74

75
76
76

97
28

99

Frequency RESPONSE ssesecssscsssscssvssnscse 100

Thermal Drift of Overall Open-~Loop DC

Anplifier sececesssvccvscscssscsvscsscsnsses 101



Figure Page

364 Thermal Drift of AC Amplifier and Output
e Amplirier sssssvssenssnsnessssssssnsscsns 102

37« Frequency Responses of Operational Amplifier
at Different Values of DC GailnR cseesscssses 103

28, Phase-Shift and Frequency for the Operation-
al Amplifier at Different Values of DC Gain 104

394 Non-Linear Distortion and DC Gain of the
Operational Amplifisr GeEsesBsashbesosnsenn 105

40, Frequency Response of (Operational Ampli-
fier Integration NetwoOrk secesesscccscccces 106

4l. Experimental DC Chopper Amplifier Circuit

Diagram Psesssssesssessesecsnsssssssscscess 107

4z, Equivalent Circuit of the Non-Ideal DC
Mplifior ssssncssssssnsessssssnsnssasascaes 108

43, A Non~Ideal Operational Amplifier Network.. 108

44, Error Limiting Values of Z) and Zz for the
Non-Ideal Oporational MPlifler esvsesssssss 112

45, A Non=-Ideal Operational Amplifier
Integrator Network seeecsccscscsovesscsscens 113

46. A Non-Ideal Operational Amplifier Differ-
entiator Network cevecscssecsscccesssnsccss 115



ABBREVIATED LIST OF SYMBOLS

Common-emitter input impedance with the output short-
circuited. Also referred to as hjjge

Common-emitter backward voltage transfer ratio with
the input open. Also referred to as hlz..

Common-emitter forward current transfer ratio with
the output short-circuited. Also referred to as hzle‘

Common-emitter output admittance with the input
open. Also referred to as haze'

Ratio of eollector current to emitter current,
normal connections

Retio of collector current to emitter current,

inverted connection (collector and emitter terminals
interchanged) . :

Frequency at which alpha becomes 0.707 of its low-
frequency value, common=base configuration.

Collector saturation current with the emitter open.
Emitter saturation current with the collector opene.
Emitter current,

Base current.

Collactor current.

Emitter-to-base voltage.

Collector-to~emitter voltage.

Collector-to~base voltage.

-19
Boltzmann's constant, 1.37 X 10 erg/degree.

Absolute femperature, s O

Magnitude of charge on an electron, l«6 X 10°19

coulombe

Alggbraically equal to KT/q, or 0.026 volts at
300 . '



>

Difference operator.

An emplifier, usually understood to be a de¢ amplifier
unless otherwise indicated.

Signal voltage source.
miero, 10~6,
milli, 10°3,

kilo, 10 30



TRANSISTOR DC AMPLIFIER DESIGN THEORY
INTRODUCTION

This paper was prepared to present a practical and
realizable s=olution to the problems of transistor de
emplifications Thus it consists not only of theoretical
de amplifier requirements, problems, and possible solutions
for both de and modulated dec systems, but also the design
considerations and experimental results leading to the
construction of an acceptable dc amplifier.

Inherent to the subject of general de amplification
is the problem of thermal drift associated with direct-
coupled eircuitry. In addition, the transistor functions
according to well-defined thermal laws thus making tempera=-
ture considerations even more critical in this application.
Offsetting this disadvantege, however, is the tremendous
ruggedness, reliability, and low power consumption of the
trensistor. At the present state of the art, the transis-
tor has been proven to be as reliable as the best vacuum
tubes, able to withstand shocks of several thousand g's
capable of operating on milliwatts of power at tempera-
tures up to 150°c. and available at about the same cost as
a vacuum tube.

From the preceding description it is seen that the

transistor is very desirable for many applications. In
particular this report emphasizes the application of the

de amplifier to an operational voltage amplifier;
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however, most of the information is equally relevant to
general de amplifier applications. Pertinent to all
applications are considerations of stability, bandwidth,
impedence levels, amplification noise, transistor inter-
changeability, and cost. These are some of the more
general problems treated in this report.

A rather specific analysis is given to the chopper-
type de voltage amplifier which was experimentally inves-
tigated in detail. This emplifier consisted of a series
arrangement of a transistor chopper, ac amplifier, demod-

ulator, and de¢ amplifier.



DERIVATION OF DC AMPLIFIER REQUIREMENTS

Before an intelligent choice of a de¢ amplification
system can be made, the requirements of such a system
must be specified. Thus this phase of the report will
attempt to develop the theoretical requirements of an
operational amplifier* along with the practical consider-

ations involved in such a project.

Operational Amplifier Analysis

The operational amplifier is commonly understood to
be the basic building block of analog computers. In the
intended application to an analog computer, a natural
choice exists as to the mode of operation, voltage or
current. The network configurations and idealized re-
sponses for each mode are indicated below (15, p. 410~

13).

Figure 1. An Operational Voltage Amplifier

22
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¥ An operational empliflier cen De defined as & dc ampli-
fier used with various feedback networks in analog
computations.



Figure 2. An Operational Current Amplifier
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The choice of the operational mode is now seen to be
imposed by the proposed application. Since an analog
computer requires at least ten operational amplifiers to
handle a sufficiently large collection of problems, it is
imperative that each amplifier be capable of operating
from common power supplies. This condition eliminates
the operational current amplifier from further considera-
tion since the feedback impedance, Z,, isolates each |
amplifier thus necessitating isolated power supplies for
each individual operational amplifier. lethods have been
proposed (19, p. 90) to eliminate this problem, but none
have been developed to the point of practical applications.
Thus, although the current mode is a natural one for
utilizing the transistor most effectively, tlat 1s, the
transistor is a current operated device, has low input

impedence, and a high output impedence, the prohibitively
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large bulk and cost of such an analog computer eliminates
this choice.

At this point our problem is now confined to the
operational voltage amplifier, figure l. Since all such
amplifiers have a common ground, they may utilize common
power supplies and are thus readily adaptable to large
analog computer operationse

Ideally, & voltage operated device such as an opera-
tional amplifier® has infinite inmput impedance and zero
output impedance. If in addition, the dc¢c amplifier has
infinite voltage amplification, an identity is established
such that tg: rgggonse of the network shown in figure 1
becomes ©1, 23 o This equation is the basis for all
analog computer operations. Thus the utility of the
operational emplifier lies in the accuracy with whiech this
relationship may be obtained and the flexibility of opera-
tions which may be performed by choosing different imped-
ances for Z1 and Zoe

Since a transistor de amplifier will by necessity
have a rinitQ input impedance, finite voltage amplifica-
tion, and a non-zero output impedence, it is desirable to
know what error is produced by virtue of these non-ideal

conditions. The complete expression for the response of

¥ Throughout the rest of the report, the term "operational
anplifier™ will be understood to mean a voltage operated
de amplifier used with various feedback networks in ana-
log computations.



6
the network shown in figure 1 can be shown (Appendix II)
to be:
e Z 2 YA R
0 2 1 Ry 2 B 23 %
) % -« [1*—(1+-—+—— + o+ )]
®in 2;. . ., ® EI' 2;' Z;
Where: R, = output impedance of dc amplifier

r =input impedance of dc amplifier
A =voltage amplification of dec amplifier

The error term is easily recognized as:

Ro Rb

(2) error =

The limiting values of %, and Zy for a given magni-
tude of error are easily found from this expression. For
the specific case of A = 25,000, R, = 1,000 ohms, and
r = 2,000 ohms the limiting velues are plotted in Iigure
44, This figure illustrates the error of the operational
amplifier which results from a given choice of Z; and Zp
and an amplifier with the above mentioned specifications.

Certain conclusions are obvious from this analysis.
First, it illustrates that an analog computer based on
a de amplifier with A = 25,000, Ry = 1,000 ohms, and
r = 2,000 ohms is not as limited by the choice of 7, and
Zy as is commonly supposed, a maximum de gain of 200
being possible with an error of only l%. This indicates



that a transistorized operational amplifier, although
restricted, has many applications.

The complete operational amplifier network responses
for an integrator and differentiator operation with the
non-ideal de amplifier are developed in Appendix III and
IV, respectively.

Equation 1 also implies many more requirements other
then amplification, Zys Zg, input impedance and output
impedance. These are:

l. The output drift due to temperature and aging are
negligible.

2+ The amplification A, is large at all frequencies
for which the computation accurdey is to be good.

3« The amplifier inecluding the feedback loop Z, and
Zp is stable.

4. The effects of noise and non-linearity are negli-
gible.

These requirements then impose conditions of tbermal
drift, aging, amplification, bandwidth, stability, phase-
shift, noise, and non-linearity upon the operational

amplifier.

Practical Consideration

An inherent implication in any practical project is
that it be economically feasible. This provides another
requirement which will have to be considered since, practi-

cally speaking, it is always desirable to obtain the most



acceptable performance for the least cost.

Included indirectly in the cost requirement is the
added condition that component tolerance be as large as
possible. Thus it is desired to eliminate as many matched
or hand-picked components as possible.

Another factor to be considered in a satisfactory
de amplifier design is the effects of interchanging tran-
sistors. It is desirable to be able to replace transistors
of the same type with as little adjustment as possible and
still obtain satisfactory results.

A further consideration is the stability of a series
of cascaded operational amplifier networks with an overall
feedback loope In this configuration, which is commonly
encountered, the phase-shift is additive thus imposing
more stringent requirements on the phase-shift per ampli-
fier.

Another requirement is apparent from an investigation
of multiple network operations. Namely, that to prevent
saturation in succeeding amplifiers each amplifier must
be designed so that for the zero input condition, there is
also a zero output. This condition is commonly known as

an automatic zero-set, AZS arrangement.

Summary of Compromise Specifications

With all the previously mentioned considerations
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in mind, & set of specificetions may now be drawn up. It
will be noted that the following specifications are quite
lenient --the operational amplifier as a whole falling in
about the five per-cent error category. Of course, it is
desirable to refine the specifications so that the overall
error would be less than one per-cent; however, these
requirements provide a measure of usefullness as well as a
suitable starting point which is practical.

A limitation which has not been mentioned previousgly
is that for the presently availeble transistors, the maxi-
mum output voltage swing is about + 15 volts. This figure
appears below.

From the above conditions the following specifications
may be derived for the proposed de amplifier which is to
be used in an operational emplifier network.

l. Voltage amplification to be equal to or greater
than 20,000.

2« Input impedance to be equal to or greater than
2,000 ohms.

3« Output impedence to be equal to or less than
1,000 ohms.

4. Maximum output voltage swing to be + 15 volts.

5+ Thermal 4rift at the output to be equal to or
less than 0.25 volt in the temperature range of
70°F * 18°F.

6. Long term output drift to be less than 0.10 volt
per hour.

7. Bandwidth to be de to 1,000 ecps, or greater.
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9.

10.

1l.

12,

10

Phase-shift at output to be less then 10° devia-
tion from the net 180° phase-shift.

Noise at output to be less than 0,10 volt peak~-
to-peak.

Non-linear '‘distortion to be less than 2%.
Transistors and componentes to be interchangeable
with minimum of custom adjustments or hand~-
pieking.

Cost to be minimum for acceptable performancee.
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DISCUSSION OF TRANSISTOR OPEZRATIONAL CHARACTERISTICS

With the desired specifications in mind, the transis-
tor characteristics may now be examined to isolate and
analyze the particular aspects which will be important in
this application. Consequently, this section of the re-
port is ineluded to provide the background information
which is necessary before the significance of particular

transistor d¢ amplification systems can be appreciated.

Physical Cheracteristics

Firest to be considered are those characteristics in
which the transistor exceeds its vacuum tube counterpart.
These qualities are reliability, ruggedness, power dissi-
pation, size, and weight. It is for these reasons that
the transistor has been so rapidly developed and applied.

The reliability of transistors is usually considered
from the standpoint of short-term and long~term effects.
Short-term effects are those contributed by temperature
end shoeck. Electrically the effects of temperature are
well known, an inerease in the saturation current of
reverse-biased Jjunctions haing the primary effects of a
rise in temperature. Thus it produces no failures in well
designed eircuits.

As far as mechanical ruggedness is concerned, it has
experimentally been found that a shock of 500 g's will
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damage less than 1% of the transistors tested. ZEven at
8,000 g's, a 60% to 75% survivel rate was obtained.
Vibration and acceleration characteristics are equally
impressive, thus making the mechanical ruggedness of the
transistor greater than that of many passive circuit
elements (20, pe 95-97).

Long term effects generally include the changes
produced by continuous operation, namely, aging effects
and failure rates. Generally, it has been found that
aging produces the same effects as noted from an increase
in temperature. The#e effects are a reduction in the
value of current gein and an increase in the collector
saturation current, I,.¢ Most of the total change oceurs
in the first few hundired hours; silicon transistors
usually showing considerably less change than germanium
transistors. These changes are primarily due to changes
in the trensistor surface conditions (2, pe 376-86).

According to a recent Bell System study, (2, pe 388~
91) grown-junction transistors in their P-carrier system
exhibited a failure rate of 0.67% per 1,000 hours. 1In
less complex circuitry where transistor requirements were
not so stringent, failure raetes ranged from 104 % to
0.20% per 1,000 hours. As a basis for comparison, tube
failure retes in IBM computer service were found to range

from 0.17% to 2.0% per 1,000 hours. In the more
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conservatively designed Bell systems the tube fallure rate
ranges from 0.019% to 0.29% per 1,000 hours. Also it is
to be noted thet in & submarine cable system, long consid-
ered the ultimate in reliability, the required fallure
rate was just under 0,03% per 1,000 hours. Thus the analy-
sis of transistor failures in field equipment shows failure
rates that are comparable with well-designed, conservaiive-
ly used vacuum tubes. Also, since these results were
obtained from transistors of 1956 or earlier vintage, it
is probable that presently developed transistors have a
higher reliebility than these figures indicate.

The other more obvious characteristics which make the
transistor a necessity for many applications are its ex-
tremely small size, weight and power dissipation.

The sbove mentioned characteristics are the primary
reasons for adapting the transistor to a de amplifier

system.
Inherent Limitations

Since a tranﬁistor exhibits different characteristics
in each of its three configurations =--common-emitter,
common~base, and common-collector, a specifiec configura-
tion must be specified with any discussion of its particu-
lar characteristies. The only configuration which is

capable of an iterative voltage gain, however, is the
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common-emitter stage (24, p. 73-88); thus this stage is
the only one which deserves much consideration as a voltage
amplifier. The common<base and common-colleétor stages,
may be very useful as 1nput and output stages where either
a small or large, input or output resistance is desired.
For these reasons the remainder of this discussion will be
primarily directed at the characteristics of the common-
emitter configuration.

A fundamental property of any Junction transistor is
the dependence of the collector saturation current, Ico’
upon the temperature of the device. Since I,o, varies
exponentially with temperature, doubling about every 10°¢,
it is very temperature sensitive and considerable care |
must be exercised to account for its variation. However,
the effects of I,, ere well defined (24, p. 52-54), and
consequently there is no mystery involved in designing
a suitable temperature stable amplifier. The full sig-
nificance of this limitation will not be developed until
a later section.

Other factors which contribute to the thermal depend-
ence of the transistors are the linear decay of vbo (~ 2
% ) a slow exponential rise in h,g, and a small increase
in he, at lower temperatures eand a decrease at the higher
temperatures (13, p. 25-80). These changes are, however,

of secondary importance and are not usually considered
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directly. In high temperature applications these factors
may become appreciable.

Another transistor cheracteristic which is of para-
mount importance is the relationship between the magnitude
and phase of the common-emitter current amplification, hgpg,
and frequency. A valid expression or experimental result
of this relationship i1s most difficult to obtain since hype
is dependent to a great extent on the external ce¢ircuit and
on the extrinsic parameters, besides the intrinsic tran-
sistor. JFor our purposes, however, it is sufficient to
note that feedback loops around two common-emitter stages
are nearly aiweys stable, while feedback loops around
three stages are generally unstable. Also it should be
noted that the upper cutoff frequency in the commone
emitter cohtiguratian is usually slightly less than the
guotient of the alpha cutoff frequency in the common-base
configuration and the low frequency hfe'

Like all other electronic devices the transistor
exhibits definite noise properties. Generslly the noise
encountered in transistors is considered to include three
different types; the thermal noise of an ohmic conduetor,
shot noise, and excess or semiconductor noise. ‘the first
two types are white noise while the last type is charac~
terized by a %‘bohavior and is usually found below 1,000
eps. Thus in de applications it is quite likely that the
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semiconductor noise would be most troublesome.

Qutside of choosing a low noise-figure transistor
to begin with, there are certain general procedures which
tend to mimimize the noise tendency. Driving the transis-
tor from a source impedanece of about 1,000 ohms seems to
reduce the noise (23, p. 14-20) as does reducing the col-
lector-to-emitter voltage and emitter current. Thus the
operating point on the critical input stages should be
made as low as possible.

Another condition to be considered is the non-
linearity of hr.. Generelly hee, the small-signal para=-
meter, decreases with increasing collector current. Thus
for large-signal amplification the output will be apprec-
iably distorted. The amount of distortion can be
anticipated from a visual display of the characteristic
curves of the transistor in question. To reduce this non-
linear tendency it is feasible to use &s large a load
impedance &s possible, end if further improvement 1s
desired, to apply negative feedback around individual or
mult iple stages.

Other important parameters to be considered in a
satisfactory design are the meximum collector power dis-
sipation, and the maximum collector-to-emitter voltage.
Needless to say, the ratings of the transistor.shoula

never be exceededl. These parameters are usuelly
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determined by the type of transistor and its construction.

If interchangeability is a requirement to be consid-
ered then some thought must be given to the deviations

which are likely to be found in transistors of the same
type. Generally the manufacturer will state a maximum,
minimum, or average heg, or a combination of the above.
Other parameters are gquite likely to vary as much as 100%
from average. Thus the design must be able to accomodate
very large devietions with a minimum of custom adjustments.
Usually one must specify a minimum and maximum hpg to
insure that the transistor will be biased in a linear

region. The other parameters are generally not so critical.

Bias Stabilization

The temperature dependence of I,, hes been previously
mentioned as an inherent limitation of the transistor. 1In
this section we shell discuss the stabilization, with re-
gard to I,o, of the single-stage common-emitter biasing
network and its effect on the de¢ voltage amplification of
the stage.

It is easily found that besides providing a suitable
biasing arrangement for the transistor, the biasing network
determines the sensitivity of the external circuit to tem=
perature. Thus a well-designed biasing network is

maendatory. Several suitable biasing schemes exist (24
ps 68=71), however, we shall examine just one of them
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which is very general and useful. Other blasing schemes

would yield the same genaral conclusions.

Figure 3. A Gommon-Tmitter Single Battery Biasing Circuit

4-v1

Certain stability fectors may be éderived for this
circuit on the basis of the varlation of I,, and its effect
on the external circuit. According to Shea's analysis
(24, p. 54-71), the current stability factor is defined
as the quotient of the change in emitter ocurrent and the

change in I,,, or algebraically:

A Ie G'l 1
(3) 8= "A Ico: T;+03 » for average conditions, (G,= )

Likewise, the voltage stability factor is defined as
the quotient of the change in collector-to-base voltage
and the change in I,q.

o <AV
=

(4) : §; Rli'(l+ SIl R , for average conditions.

co
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To meet the small thermal drift requirements, there-
fore, ideally Sy and St should equal zero. To approach
this result, equation 3 states that By should be large and
Rg and Rz should be small. The voltage stability equation
states that the above mentioned conditions should be met
plus the condition that Ry should be small.

One other result is needed to fully appreciate the
significance of the above statements. This result is the

expression for the input impedance of the trensistor.

(5) Ryn = hye + hpe Ry, for average conditions.

From these equations the full significence of the
gain versus bilas stability confliet may be understood.
By increasing R, and decreasing Ry and Rz, thereby in-
ecreasing the thermal stability, the input impedance of
the transistor is raised geometrically while the input
impedance of the complete stage is decreased. Thus if
this stage is driven by a current source, most of the
signal current will be lost through Rp and Ry and very
little current will enter the transistor. If the stage
is driven by e voltage source, the shunting effect of Roy
and Rz will not be so noticeable; however, the high input
impedance of the trensistor will definitely limit the

current which can enter the transistor. In either case,
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the signal current which can enter the transistor is compar-
itively small. It naturally follows then that the voltage
amplification of the stage will be very small since the
transistor is a current operated device. Furthermore, the
condition that Ry shall be small for good thermal stabile
ity limits the possible voltage amplification even more.
For these reasons it is very difficult to achieve appre=~
ciable d¢ wvoltage amplification per stage with suitable
temperature stability.

From the definitions of the voltage and current
stability factors, it is apparent that the stability is
directly dependent upon AI, . Thus if AI,, could be
decreased for the same change in temperature, the gain
versus stability conflict would be alleviated somewhat.
This is the reason for the introduction of the silicon
transistor. The Ioo for both germanium and silicon in-
crease at about the same rate with temperature, however,
at room temperature an average silicon transistor has an
Ieo of the order of 1078 amps while an average germanium
transistor has an I,, of the order of 10~ smps. Thus
silicon transistors are much better suited to high tem-
peratures applications and de¢ amplification. It seems
that nature always works against the engineer, for accom-

panying the beneficiel temperature characteristics of
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silicon is a cost of about ten times that of germanium.

So, a conflict still exists.
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ANALYSIS OF DC AMPLIFIER SYSTEMS

To obtain the optimum system for a given applica=-
tion, all applicable systems must be evaluated. It is
for this reason that & brief analysis must be given to
all the systems which could possibly satisfy the previously
set forth requirement s« From this analysis, then, a system
can be chosen which will best satisfy the requirements for
the application.

Generally a dc¢ amplifier system will be elther a
direct=-coupled configuration or a modulated de system.
These are the classifications which will be discussed in

this section.

Direct Coupled Configuration

The characteristics of the individual transistor
common-emitter stage have already been examined in the
previous section., Ffrom this discussion a rather obvious
possibility is epparent, that of a cascade of several
common~emitter stages. A conventional arrangement of

such a circuit is illustrated below.
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Figure 4. A Direct-Coupled Single-Sided DC Amplifier

3ince this type of circuit is merely a seriea of common=-
emitter stages, all the limitations of the single stage
still apply individually. However, }t should be noted
that 1f all stages are identical, each iterative stage
has perfeot Iyo stability, and the temperature character-
istics of the complete circuit become approximately those
of only the first stages. ZILven with considerable differ-
ence between stages, as long as the transistors are all
of the same polarity --either PNP or NPN, some ocancel-
lation of temperature characteristics from stage to stage
will be effected. On the other nand, if the transistors
alternate polarity; that is, PNP-NPN-PNP --etec., the
temperature characteristics from stage to stage combine
additively so that the eomplete cirecuit would have very

poor thermal stability characteristies.

Lg
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Thus in a real application vhers it is certainly not
desirable to heve all stages identical from the standpoint
of their quiescent operating points, & certain zmount of
cancellation of temperature characteristics may be effected
from stege to stege by using similar polarity ‘ransistors.
However, & compronise is still in order be.ween the voltage
amplification per stage and thermel stability considera-
tions. This compromise means aceepting a lcw amplification
per stage, whieh indicates a large number of stages, in an
attempt to preserve some thermal stabllity.

This compromise, however, with its large number of
stages introduces other problems, namely the voltage accum-
ulation from stage to stage. If a large collector supply
voltage 1s used it further aggravates the gain versus
bias stability conflict because of the necessity for lar-
ger resistors in the front stages of the eircuit. A
smaller colleetor voltage supply may be used if breakdown
diodes are used between stages to compensate for the
voltage accumulation. If the diodes ere used, as indicated
in figure 4, the resistors R,;, Rha' “‘Ron. are usually
necessary to provide sufficient current to fully saturate
or break down the diode. OQtherwise these resistors may

not be necessary. Their insertion provides an additional

shunt path thus lowering the amplification.
The breakdown dicde in saturation exhibits an
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intrinsic incremental resistance of:

(8) Rype* -%f— where S ='%z
Jd - 0.026 volts at 300°%
I - Current through the

diode

Additionally, the breakdown diode has a positive
temperature coefficient of from 0.001 to 8.0% whiech must
be considered.

The voltage accumulation presents an additional problem
in that an output device must be constructed to satisfy the
automatic-zero-set requiremsnt.

It is easily recognized that the voltage accumulation
problem is eliminated if the transistors are of alternate
polarity; however, as previously indicated this combina-
tion would exhibit very poor thermal characteristiecs,

Several non-linear compensating techniques have been
developed so that an amplifier may exhibit appreciable
gain per stage and yet have satisfactory thermal stahilitﬁ.
Among these teehniques are the utilization of the positive
voltage temperature coefficient of reverse biased dlodes,
the negative voltage temperature coefficient of forward
biased diodes, the negative resistance coefficient of both
forward and reverse biesed diodes, other teuperature sensi-

tive resistors, and extra transistors of the same type
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used as compensating current generators (24, pe 20-23).
All these techniques, however, are dependent upon the
matehing of the temperature characteristies of the compen~
sated and compensating devices. This requires special
hand-picked and matched components which are hard to
obtain, costly, and definitely undesirable from the stand-
point of interchangeability.

From this brief analysis, the singie~-sided cascaded
dec amplifier is seen to have definite shortcomings. To
achlieve appreciable amplification per stage either the
temperature stability must be sacrificed, the increased
cost of silicon transistors must be absorbed, or the
increased cost and complexity of matched compensating
devices must be tolerated. 4dditionally, the voltage
accumulation necessitates an output device to provide
an AZS arrangement.

A typical figure for the drift of sueh a de amplifier
is 100 millivolts referred to the input (8, p. 249) for
a temperature change of 20°C to 509C.

Another direct coupled configuretion which has con-
siderable merit as a de amplifier is the differential
amplifier (12, p. 157-60). The differential amplifier
is a form of double-sided or double-ended circuit whiech
amplifies the difference between its inputs. A

conventional arrangement is shown bLelow:
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Figure 6. A Differential DC Amplifier
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The prineiple advantages attributed to this type of
circuit (18, p. 194-98) over the single-sided circuit are
that the teuperature induced variations tend to oppose
each other, and that the emitter resistor Ry, can be made
as large as necessary, thus making the sum of emitter
currents as stable as desired, without adversely affect-
ing the gain per stage. Other desirable characteristics
are that the gailn and input impedance are twice that of
its single-sided counterpart. The differential amplifier

also has a voltage accumulation from stage to stage which



28
requires the same consideration as discussed for the single-
sided amplifier. An AZS arraagement is also shown in the
figure.

The primary provlem with this circuit is matching
each pair of transistors with respect to tsmperature
induced I,, variations, emitter current, hpe, and base-
to-emitter voltage variations with temperature. The
degree of matching naturally determines the extent of
idealization which may be expected from the amplifier.

A typical Tigure for the thermal A4rift of such a
de amplifier in the temperature raage of 20°C to 50°¢
is about 2 millivolts referred to the input (8, p. 249).

Another matter of some practical concern in applying
this circuit to an operational amplifier is that a device
must be provided to eliminate the dc bilas at the inpute.

From this brief discussion, it 1s seen that the
differential auplifier is mueh to be preferred over the
single-sided amplifier; however, it is still not very
desirable for this application because of its necessity
for matched transistors.

At this point it is generally concluded that the
application of direct-coupled de¢ amplifier configurations
is definitely limited, primarily because of the gain versus
bias stability conflict. At best the situation is
alleviated somewhat by matched transistors and components,
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complex circuitry, and custom adjustments; all being

prohibitive from the standpoint of cost, time and inter-

changeability. The next section deals with a method which
practically eliminates the previously noted conflicte

Modulated DC Systems

According to IRE standards, modulate means to vary
some characteristic of one wave in accordance with snother
wave. In this discussion a modulated dc system refers to
a system which utilizes the advantages gained by changing
the de signal to an ac signal in some aspect of its opera=-
tion, the adventage being that it is much easier to
amplify ac signals with acceptable thermal stability than
de signals. This advantage is attributable to the use of

reactive bypass and coupling components.
An illustration of possible systems configurations
is shown on the following pages. It will be noted that
a discrimination is made between de¢ chopper amplifiers
and de chopper stabilized amplifiers. A chopper amplifier

is one in which the chopper and its associated circuitry
are the sole mode of amplification; whereas a chopper

stabilized emplifier is one in which the chopper amplifier
is used in conjunction with another mode of amplification.

Figure 6-A illustrates a rather novel, although conven-
tional, approach to eliminating thermal drift. In this SyS-
tem the output of the conventional de amplifier is divided
by its amplification factor and compared to the input. The
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Flgure 7, DC Chopper Amplifier Conficuratlions
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difference then activates the chopper-amplifier which
produces an input to counteract this difference. Thus
the drift of the main de¢ amplifier 1s reduced by the amp-
lifieation of the chopper amplifier. The basic disadvan-
tage of this system is that it appears to be too complex
and refined for this applioation. Undoubtedly, it could
meet the desired requirements, However, a simpler tech-
nigue is more desirable.

The system shown in figure 6-B provides a different

amplifier for the ae¢ and de signal components. Although
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this system could provide high gain with a minimum of
drift and an extremely large bandwidth, it again suffers
because of its complexity.

The system of figure 6«C is merely a simplification
of figure 6-B. Instead of providing a separate ae ampli-
fier the high frequency signals are fed directly into the
high-level output de emplifier. Because of this simplifi-
cation the bandwidth is considerably reduced over that of
figure 6-B. The stabilization of this system could logic-
ally provide a praectical problem, and the system again
appears to be too complex for this application.

Of all the modulated de systems, the chopper amplifier
shown in figure 7-A is seen to be the ultimate in simpli-
city. However, since the demodulator is usually simply a
low-pass RC filter, the system could be unstable with cer-
tain types of feedback encountered in operational amplifier
operations (5, p. 10). The system of figure 7-B remedies
this situation by isolating the demodulator from the out-
put by a high~level de¢ amplifier. Thus if the modulating
techniques will allow a sufficient bandwidth and the ac
and d¢ amplifiers provide a sufficient voltage amplifi-
eation, this system appears to be the most desirable.

From this analysis the system shown in figurq 7-B
was chosen as the one to be experimentally evaluated.
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Consequently, most of the rest of this report is an inves-

tigation of this system.

Optimum System Analysis (Figure 7-B)

Theoretioally the modulation technigue could utilize
the phase, frequency, or amplitude of the carrier signal.
However, the simplest technique is merely that of chopping
the invut signal. The chopped signal is then amplified in
the aec aemplifier, the amplified de input level is recover=-
ed in the demodulator, and the output high-level de
eamplifier further amplifies the signal and isolates the
output from the demodulator.

By virtue of its simplicity the chojpor is a natural
choice of the modulation technique. However, here a
choice exists as to full-wave or half-wave chopping.

With full-wave chopping there is no inherent phase-shift;
however, it requires a double-sided chopper, ac amplifier,

and demodulator. This indicates twice as many components

as those required for a half-wave chopping system. The
half-wave chopping system, though, introduces an effective
time leg, or phase shift, when the chopped signal is
demodulated, equal to half the period between samples.

Algebraically: a
(7) ¢-_Ts 180", where fg=signal frequency
ro fy= chopping frequency

¢ = phase-shift
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Thus to restrict the phase-shift to 10° or less with a
maximum frequency of 1,000 ¢ps, the chopping frequency
must be at least 18,000 cpse This is perfectly feasible
with & trensistor chopper.

Additionally, since the chopping technique is merely
& form of samﬁling. the sampling theorems and principles
(3, pe 37-41) 4o apply. The basic information which is to
be obtained from this eanalysis, however, is that the samp-
led wave must be sampled at a rate at least twice that of
the highest significant signal frequency to obtain all of
the original information which is contained in the sampled
wave. Practically, the sampling rate must be considerably
fagter than that predicted theoretically. Also, the theo-
retical considerations show that the demodulator should
consist of a low pass filter with a cutoff frequency of
one-half the chopping frequency. Under these idealized
conditions no information in the sampled wave will be lost.

A practical analysis indicates that other frequency
sensitive networks, usually low-pass RC filters, must be
used to preserve stability. By necessity these shaping
networks must be placed in the dec sections of the ampli-
fier; that is, at the input, after the demodulator, and
after or within the de amplifier (7, pe. 10-13).

To minimize the thermal drift it is also seen that
the de amplifier gain should be as low as possible. This



necessitates a high gain ac amplifiers
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GIRCUIT DESIGN ANALYSIS OF THE OPTIMUM SYSTIM i
With the desired system end specifications now in
mind, the individual components may be developed. An
attempt is made to make eash component a complete discus-
eion within itself. This development will follow the
natural sequential order; that 1s, chopper, ac amplifier,

demodulator, and d¢ emplifier.

Preliminary Desizn Layout

Before entering into the development of each ecompon-
ent, it is adventageous to have a more specific idea of
the overell system which is being designed. Consequently,
the system block diagram is shown bslow in order that one
may better understand the development to follow., This
block or flow diasram is derived in paft from the previous

discussion and the remeinder from the development which

" follows:
Figure 8. A Specific Chopper-Amplifier Block Diagram
Input 1 ¢ 4~ Common~- 1-Conzon-
| Low-Paee ﬁhnp” Zmitter Collector
Filter RO PRL, Stages OQutput Stage
AC Amplifier V
1-Comamon~- Low= 1-Comunon Low=~ Output
<« Collector Page |~ zmitter Paee |— Chopper o
Qutput Stagi Filter Etage ilter Switch

L =) [ i
T : |

Qutout DC Aaplifier Demddulator
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At this point certain conclusions can be drawn from
the preliminary layout (17, p. 34-39). First, it is noted
that the input filter must have an input resistance of
2,000 ohms to meet the previously set forth requirements.
Next, i1t is apparent that the input chopper must have a
very small bias error, or in other words, for a zero in-
put signel it must have a very near zero output since the
rest of the circuit @amnot tell the difference between a
bias error produced by: the chopper or an external signal.
Thus the chopper must be a very high quality chopper and
capable of switching very rapidly. It is obvious that the
sensitivity of the chopper determines the sensitivity of
the system. Consequently, the sucess of the system, to
@ large extent, is determined by the performance of the
chopper.

To be discussed in more detail later in the report,
are the common-gollector output stages on the end of the
ac amplifier and de¢ smplifier. These steges, it will be
noted, produce no phase-shift and a low output resistance.

Overall there is seen to be a 180° phase~shift which
is necessary in order that the feedback loop end amplifier
be stable. Also, the low-pass filters help maintain
stability since they are inserted to attenuate the higher
frequencies where the totel phase-shift may approach 0°
and oscillations would otherwise occcur.
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The single-stage de¢ emplifier must obviously be quite
stable with temperature if the system is to be stable with
temperature variations. However, if most of the amplifi-
cation can be obtained in the ac amplifier, the dc ampli-
fier need not produce very much gain.

At this point it should also be mentioned that a good
choice of power supply voltages is best made if one starts
at the output which must be at 0 de level and work back
toward the front. Naturally, the transistors and other
eircuitry must be well in mind before this cholce is made.

Chopper Design Consideration

A search for a suitable chopper or switeh to convert
de to ac will yield many different methods. Among these
are the mechanical chopper, vacuum and gas tube switching
circuits, diode switching circuits, cryatron, transistor
switches utilizing the Hall effect, and the conventional
trensi stor switching circuits. At this point we shall
confine our attention to the latter method --conventional
transistor switching circuits. This choice is dictated
by the requirements of availability, simplicity, high
quality, end high switching frequency.

The basic prineiple of conventional transistor
gwitching eircuits is suggested by the well~defined depend-

ence of the emitter current, end hence the collector
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current, upon the emitter-to-base voltage. Algebraically,
the relationship can be shown (18, p. 344) to be:

'6
IGO(‘Z&J.]-OQG 3= kv

q

Tae {1 '1{"3 1) =< where ; Inverted
o n e' ‘{1 alpha
n = Normal
alpha

(8) 1

I

(9) I

1

It will be noted that these equations as well as the
following discussion apply to polarities associated with
a FNP transistor. The same information applies to NPN
transistors with polarities reversed.

These equations show that 1f the emitter junction
is made positive with respect to the base, a large emit~
ter current of exponentlal order will flow. (Since I, is
normally negative, the two components of I, combine
edditively.) On the other hand, if the emitter is made
negative with respect to the base, a very small emitter
current will flow. Thus the staie of the switeh is de-
termined by the polarity of the emitter-to-base voliage.

Extremely different switehing charascteristics are
obtained in each of the different switching configurations,
Thus an analysis of each configuration is in order. These

configurat ions are illustrated on the following page.



Figure 9. The Basie Switch Configurations
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In the preceding figures it is understood tnhat E; 1s the
voltage which determines the state of the switch, and that
Eg is the woltage whioh is being switched into the load
resistance, By Iy and I, are the quantities which are
dependent upon the trensistor and determline the quality

of the switch.
Under the assumption that these switches are switohed



from the saturation region to the cut-off region, the
characteristies of each configuration may be obtained

(18, p. 359-352)« Besically, the common base configura=-
tion is undesirable because the saturation voltage, Ig,

is negative and by no means negligible, being in the order
of a tenth of a volt. The ¢common collector switch exhibits
a small saturation voltage, but the cut-off current, Ios

is negative, which is also undesirable. The common-emitter
switeﬁ is the best behaved configuration as both the cut=
off current, I, and saturation voltage, Ez, are very

small and always positive. Thus the common-emitter con-
figuration offers the most ideal characteristics.

Now that the basie configuration has been determined,
a more detailed enalysis of its operating characteristics
should be made in order to find the causes, effects, and
solutions of the non-ideal characteristics.

Of primary importance is the magnitude of the satura-
tion voltage and cut-off current. These parameters can
easily be recognized from the common-emitter characteris-
tic curves. An idealized and exaggerated set of these
curves is illustrated on the following page to ewphasize
the point.
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Figure 10, Idealized FNP Common-Emitter Characteristie
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During fhe saturation the voltage ?b exists between
the collector and emitter thus yielding the saturation
voltage, and during cutoff, a cutoff current Ip flows
through the collector leg thus yielding the cutoff current.
The above discussion then suggests that the transistor
switch can be thougit of as an ideal switeh shunted by
a eurrent source with finite impedance during cutoff, or
in series with a voltage source with internal resistance

during saturation.

In terms of the transistor parameters, the non-ideal
saturation voltage and cutoff ourrent can be expressed

as (16, p. 16-21):

I;:(l-o(i) &
(1 -a(n4i co

(10)
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For ordinary germanium traneistors, these parameters
usually are in the order of several microamps and several

miilivoltss
Now if the trensistor is inverted; viz, the colleec-

tor and emitter terminals interchanged, the above para-
meters are reduced by approximately one order of magnitude

(16, pe 16-21).

1 (-, ) I

(12) I

¥ T X8
(13) v§='?' 1, 2~ mere Igy ol y Ingoly
n

This 1nversion is possible since both the cecollector

and emitter terminals are of the same polarity, N-type
or P-type. Thus either one may act as the enmitter or
collector. However, in the normal configuration the
collector is made larger than the emitter so as to have
a high collector efficiency. Thus when these functions
are reversed the collector efficiency is considerably
reduced. For this reason, generally the <K ; ranges
from 0.3 to 0.9 and < , ranges from 0.9 to 1.0. Accom-

panying the reduced collector efficiency is also a deerease
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in the maximum allowable power dissipation.

A closer examination of the single stage comuon-
emitter switch will also show that it is incapable of
turning off appreciable negative signals.

After understanding the characteristics of the single-
stage common-enitter switch, we are now ready to procede
with the next logical step in a refinement of the transis-
tor switeh, nemely, the differential type, or series-

pair ewitch.

Figure 11. The Series-Pair Switch

(a)Inverted Connection (b)Normal Connection

*
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A rether obvious advantage of this switeh is that
at every interval of time, the saturation voltage or

cutoff current,depending upon the state of the switch,



of the two transistors combine differentially. This
greatly improves the quality of the switching character-
istics.

In analyzing this and.other more complex transistor
switches & useful rule to keep in mind is as follows:

The transistor may conduct in either direction if either
junetion is forward biased, end the tramsistor will be
ecutoff only if both junctions are reverse biased. From
this information 1t 1s seen that with E; positive &as
{ndicated, both transistors are turned on; and with El
negative, one trensistor always is turned off regardless
of the signal polarity, Bge Thus this switch may be
used to switeh signals of either polarity up to the
breakdown voltage of the transistorse.

As far as current limitations are concerned, it is
advisable to restriect the ecurrent through the switeh in
the inverted connection to about 2/% of the maximum rated
current. This restriction is primarily due to the smal-
ler inverted alpha. In the normal connection, the full
rated I, may be recognized.

Generally speaking, the normal configuretion is pre-
fersble in high level eapplications, while the inverted
configuration provides better low level performances Also,
the series switch, meaning that the switech is a series
with the loead, is usually preferable in low impedance
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(less than a thousand ohms) eircuits; while the shunt
switch, meaning that the switch is in parallel with the
load, is used more adventageously in the high impedance
eircuit (11, p. 28-35).

At this point then, we are readylto choose a con-
figuration to be used as the input chopper in the pro-
posed dc chopper amplifier. Since this application
requires a high quality low-level switech to be used in
a fairly high impedance circuit, the natural choice 1is

the shunt, inverted connection, series-pair configuration.

Figure 12. The Shunt Series-Pair Switch, Inverted Con-

nection
%
b A
*3iy ?_L
G

With this eonfigsuration in mind, we are now in a
position to study the more specific characteristics of
the switch in actual operation.

As to the choice of transistors, theorstical con;
siderat ions indicate that a high a('n. low o 4, and low

Ico are tesirable. Also to be considered are the
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collector saturetion resistence, Res, and transient switch-
ing charscteristics.

of the available transistors, the Philco 2N346 surface
barrier treansistor seemed to be best suited to this appli-
cation, Only germenium transistors were considered,
although silicon transistors are more desirable from the
standpoint of their lower I,oe Also it was found thab
grown Junction transistors are definitely unsuitable for
low-level applications beecause of their large ohmie
resistance which makes the collector saturation resis-
tance very large, several hundred ohms.

The 2N346 was found to have an oK , of about 0.975,

K 4 of about 0.8 and, an I,, of about 1 to 2 ua. Also,
its alpha cutoff frequency of 75 Mec was found to Dbe indie~
ative of excellent high speed switching charaoteristiél.

Of basiec importance in the "on" or conducting state
are the collector saturation resistance and collector
saturation voltage. The emitter-to-collector saturation
resistence, R,gs for a transistor in the inverted connec-

tion has been shown (5, p. 5) to be:

(14) R, = = 2= (1=, €y )o{, +R. where: I, = Base
c§ 9 Iv G : earrent
= Ohmie

resistance
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For the specific case of the 2N346, this equation becomes:

10~9

(16) Ryg = 7.15 X + 10, ohms

Iy
(The ohmie resistence of 10 ohms is estimated)

And at I, = 400 ua, Ry, = 28 ohms™ .

As a verification of this theoretical result, the
experimental values of R,  were obtained. The experimental
value is easily obtained from a visual displey of the char-
acteristic curves. A typical set of common-emitter,
inverted connection, characteristic curves with saturated
resistances indicated are shown on the following page.

It is easily proven that the experimental and theo-
retical values compare favorably indicating the velidity
of the equation. The experimental results also show that
fairly small saturation resistances can be obtained by
driving the transistor with sufficient base current.

The collector saturation voltage is a slightly more
complex function since it depends on bdth the effective
load resistance and base current. This relationship is
illustrated in figure l4. ¥rom this set of curves it is

seen that if the effective load resistance as seen Dby

* power transistors have much lower Ryg values but are
not suited for low-level or high-frequency switching.



Flgure 13, TYIPICAL CHARACTERISTICS CURVES

| / FOR TI‘E\Z?B#&MBISTQ’{,
| / I/ VERTED commc’fmx.
o 50
/ /R o I = 1,100 ua
/ 5 | | .
/
7 ;
/ e I} 5 700 ua
P e Resg = 100
-
5o ~
s % Ib s 500 ue
-
73 -
/ = % - Ip ® 400 us
- ;
S ~ Ib = 300 ue
o s ZOOI %
/ g ¥, - - b : 200 e
/ o e
o I, = 50 ua
v Volts

6%




Figure 14, COLILECTOR-TO-ELITTER SATURATICH VOLTAGE AND BASE
CURRENT FOR THE 2N346 TRANSISTOR, INVERTED CONNECTION.
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Figure 15, CdHECTGl-TO—EBﬂTTER SATURATION VOLTAGE ANC BASE
CURRENT FOR THE 2N346 TRANSISTOR, INVERTED CONNECTION,
( Characteristics of four random’transistors)

L+ ' Note: 2N346-1
2N346=2
2N346=3
21346=4, W
295 X > X
3 S 5
)
o
o
B2y
=)
..
(4]

i .

0 S iy 0.4 0.6 0.8 1,0 1.2
I, MILLIAKFS

16




62
the switeh is in the vicinity of 1,000 ohms or greater,
the saturstion voltsge is fairly constant. This is indica-

tive of the source resistance, R

Y which already has been

discussed.

The depcndence of the collector saturation voltage
upon base current is not very well defined as shown in
figure 15, Common to all of these curves, however, is a
knec in the vieinity where the acting emitter-base Jjunction
becomes saturated. It should also be noted that at zero
base-current the ecollector-to~emitter voltage is not
actually zero as indicated by the test instruments. In-
stead it has a magnitude determined by the relative doping
of the P and N regions. This potential, however, cannot
be read by a current-drawing device.

The real importance of figure 15, however, lies in
the illustration of the differcnce in the direction of
change and fa;a of change of the saturation voltage with
base current. Because none of the transistors tested
showed the same rate of change of Vye with I, 1t is rela-
tively easy to get an exact matech at some particular value
of base current, although not at all values. Thus at some
specific value of base eurrent two transistors are easily
picked which have the same collector saturation voltage.

Consequently, when these transistors are inserted in the
eirecuit of figure 12, and driven with the specified amount
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of base current, the overall bias error during seturation
is 260« This is a very significant result as will be
later seen.

The cutoff characteristics of the 2N346 in this low-
level application were found to be very good. Despite a
predicted wvalus of the cutoff current source, equation 12,
of 0,14 va, the actual magnitude was so small it was
difficult to measure ~-being in the order of a few hun~-
dredths of a microanps Also it was noted that the trane
sistors were quite uniform in this respect yhich indiceates
a very good mateh in the differential type of eircuit.
Consequently, the ocutoff characteristics could very well
be considered ideal, for this application.

It was found that the optimum cutoff voltage, E,,
was not at all eritical--a value anywhere from O.l to l.2
volts being satisfactory. However, for other types of
transistors this value may be critical and generally
speaking the cutoff voltage should not exceed a few tenths
of a volts It is conventional practice to use diodes as
the voltage limiting device for this state.

With the cutoff characteristics being very near
jdeal, it is now very easy to choose a pair of transistors
which are also balanced with respect to their individual
saturation volteges. First, a circuit is constructed as

shown in figure 12, without the external sigmal source,
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end using a square-wave generator as the switching voltage,
El, source., Now by monitoring the output waveform with a
high sensitivity, 1 %%; osecilloscope one can insert a pair
of transistors, adjust the base current drive from Zero
through maximum, and note if a balance is obtained. If
the balance is obtained the output waeve form will appear
as shown in figure 19, If not, there will always be an
offset in the saturation state, as shown in figure 20.
Thus it is not necessary to obtain any point by point
plots, a8 shown in figure 15, to obtain a pair of matched
transistors.

As far as the switching source, indicated as 11. is
concerned, either a voltage or current source may be used.
However, as has been shown, it is the base current which
drives the transistor into saturation, the on state, and
the collector-to-emitter voltage which cuts off the tran-
sistor. Furthermore, the auitehing'lourue must be isolated
from ground to obtain the best results. For this purpose
a pulse transformer was found to be very good.

In the actual chopper constructed for the de¢ ampli-
fier, a square-wave voltage generator in conjunction with
a pulse-transformer was used as the switching sourece, e
Under these conditions it is necessary to know what base
eurrent is produced by virtue of a given voltage. This
information is easily obtained and illustrated in figure
16.
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Figure 16, BASE CURRENT AND COLIECTOR-TO-BASE VOLTAGE
FOR THE 2M346 TRANSISTOR, INVERTED CONRECTION.

0 0.2 0ok 0.6 0.8 s 3e

Vgys VOLTS
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From this curve, then, a given base current can be imposed
by virtue of the applied voltage. The primary reason for
obtaining this curve, however, is to find the maximum
voltage which can be epplied without exceeding the current
limitations of the transistor. Since the current is an
exponential function of the applied voltage, it is very
easy to apply slightly too much voltage, greatly exceed
the current rating, and destroy the transistor. This point
deserves considerable emphasis.

The transient response of this switeh can be seen
from an analysis of figures 19 and 20, It is fairly
obvious that the primary transient occurs as the switch
chenges states. This is a result of the instantaneous
chenge of the direction of the current in the base regilon.
The resultant spike or trensient is of about 25 to 50
millivolts magnitude and has a dursetion of abou£ Oe4 nicro=-
second. Aside from this transient the switeh is very well
behaved. No trouble is encountered with delay time or
hole-storage time because of the very thin base region
of the surface barrier transistor and the very small mag-
nitude of signals, less than one millivolt potential and
about a microamp of current, being switched. Along with
this discussion it should be mentioned that given equal
quality trsnsistors, the NPN transistor will generally

exhibit faster transients than the PNP transistor because
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of the higher mobllity of electrons gs compared to holes.
Based upon this discussion an input chopper was con-
structed as shown in figure 41, for the proposed de
emplifier. The switch itself exhibited a detectable change
in output for less than 10 microvolts input and produced
no apprecisble bilas orror in either state, conduecting or

non-conducting.

AC Amplifier Design Considerations

The design of the ac amplifier is for the most part
a straightforward application of the tggnsiator. Since
it wae desired to be able to utilize chopping frequencies
of from 10 ke to 100 ke, it was necessary that the ac
amplifier have a bandwidth of from 10 ke to about 1 Me.
The other primary requirement of the ac amplifier was
that 1t have & voltage amplification.of about 20,000 or
more in the passband with a minimum of noise, distortion,
and temperature variastions.

The gein versus bias stability confliet which was
described previously does not apply to an ac auplifier
because of the possible use of reactive bypass elements.
In this connection, it should be noted that the emitter
leg bypass capacitors should present a 99% bypass in the
applicable frequency renge to the resistor which they are
to bypass. If the conventionel 90% bypass elements are
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used, it is very likely tnat undesired degeneration and
phase-snif¢ will occur.

The coupling and composition of the ac section was
detezﬁinad primarily by taermal considerations. It has
already been shown that the direct-coupled configuration
of the same type, PNP or NPN, has the best thermal stabil-
ity of any other combination. Consequently this scheme
was used.

Of the availeble transistors the 2N247 and 2N248,
both FNP, seemed well adapted to this application sluce
they have a moderate hey Of about 40 to €0 and a common
base alpha cutoff frequency of 30 and 50 Me, respectively.
The noise figures of the transistors were not available,
however, they were judged to be aecepteble. Also, the
linearity of hyy was considered acceptable from & brief
enalysis of their characteristic curves.

To obtain the number of stages which are required
one must first meke an approximation of the voltege
emplification which can be effected per stage. Generally
speaking, with some current feedback, an auplificetion of
20 is essily obteined per stege. With this figure as a
base, then, Tour stages would yield a voltage amplification
of 160,000, Thus about 20 db of additional feedback could
be applied and still meintain an smplification of 20,000.
This would generally be considered enough feedback to make
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the amplifier quite stable., Consequently four stages were
Judged to be eadequate.

The quiescent operating points and biasing networks
were chosen and constructed by conventional procedures
(18, pe 82<101). OF the four stages it was found easiest
to accomplish a current gain with the first three stages,
and to use the fourth stage as a voltage amplifier.

Two different types of feedback were used as indicated
on the circuit diagram, figure 4l. First, current feed-
back in the form of an unbypassed emitter resistor of from
50 to 200 ohms was used to obtain some degeneration and
stabilizetion. Additionally this type of feedback offers
posaib;lities of extending the frequency response at the
higher frequencies by providing a partial capacitive by-
pass to lower the input impedance of the stage and hence
boost the high frequency amplification.

The second type of feedback is a type of dual voltage
feedback, in that a voltage is fed back which is propor-
tional to the output current. Thin type of feedback was
applied from the emitter of one stage to the base of the
preceding stage. This type of feedback has the normal
advantages attributed to loops which enclose two stages
rather than a single stage, and also the fact that the
feedback is taken from a low-impedance point and applied
to a high-impedance point. Thus it does not load down
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the stages cnelosed in the loope.

inother point to be noted is that because of the high
voltage amplification involved and the use of non-ideal
power supplies, decoupling was found to.be necessary to
prevent random oscillations.

Although in a direct-coupled circult, each stage is
somewhat dependent upon the preceeding stage, transistor
interchangeability is not adversely affected. To change
transistors, generally only a readjustment of the emitter
resistor is required to compensate for the wvariation in
transistor parameters which is encountered.

Utilizing the methods outlined above an acceptable
ac amplifier was constructed with an amplification of
about 22,000 and a bandwidth of 950 ke. For more results
see the chapter entitled "Experimental Results".

Demodulator Design Analysis

At this point in the design, the original de informa-
tion has theorstically been chopped and amplified. Now
it is desired to recover the amplified information, a
process roforra& to as demodulation.

It should be noted, that by necessity the input cir-

eiut must contain a series capacitor between the input

chopper and the ac amplifier to isolate the chopper from
the de level at the input to the aec auplifier. Since this
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capacitor cannot pass a dc voltage, it distributes the
chopped signal about the dc level at the input to the ac
amplifier. Thus to recover the chopped and amplified
information, only a half of each c¢ycle must be utilized.
This is easily aceomplished by using a series switch to
connect the output of the ac amplifier to a low-pass
filter during a half of each chopping cycle.

Since the ac amplifier produces no appreciable phase-
shift the positive portion of the chopped wave 9t the
output of the ac amplifier would be in phase with a posi-
tive input signal, and the negative portion 180° out of
phase with the original signal, Z=ither portion may be
recovered depending upon the phase of the recovered
signal which 1s desired. In this specific case the posi-
tive in-phase portion was required.

The resultant demodulator then takes the form shown
below.

Figure 17. An Equivalent Demodulator Cireuit Diagram
R PN

N\ l R4 there:
kﬁ +' k') Rg; Outpuz im-

ance of a¢
; R & g:plirier'

""l L RL§ Ry = Input im-
pedance of dc¢

(};) ' _ amplifier
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For a theoretical minimum noise, the ecapacitor shéuld
charge very fast and discharge very slowly or Rg—> 0, and
R; — oo+ Since the common-emitter stage has an output
impedance of several thousand ohms, it was decided to use
a common-collector'outpus stage on the ac amplifier to
feed the demodulator from a low impedance source, about
1,000 ohmss« However, it was later found that a source
impedance of several thousand ohms was more desirable
since the modulated wave contains several undesirable
transients. Thus, by making the charging time-constant
longer, the demodulated outﬁut of the capacitor could not
follow the very brief transients and the ncise was consid-
erably reduced. Therefore, the common collector ac output
stage is not necessary.

The switch itself is similar to the input chopper
discussed previously except that the normal series connec-
tion is useds This is a better configuration for the high~-
level epplication involved here. 4also, the 2Nb88 transis-
tor was chésan over the 2N346 for this application because
of its better high~level characteristics.

The parameters of the equivalent circuit, figure 17,
which were obtained in the actual demodulator were approxi-
mately n' = 6,000 ohms, Ry = 20,000 ohms, and ¢ = 0,02 uf,
Thus the charging time-constant was abeut O.12 milliseconds
and the discharge time-constant about 0.40 milliseconds,
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assuming idealized switching conditions. These parameters
were found to be about optimum for a ehopping freguency of
80 ke, or a chopping period of 12.5 microseconds.

Qutput DC amplirfier Design Reguirements

After constructing and testing the input circuit,
input chopper, eac emplifier and demodulator, it was found
that the overall amplification from the input to the output
of the demodulator was about 5,000. Thus an amplification
of at least 4 is required to boost the total amplification
to 20,000 or more.

As previously discussed, it was also required that
the input impedance to the high-level de¢ emplifier be in
the order of ten or twenty thousand ohms.

To achieve this minimum gain of 4 along with an input
impedance of about 20,000 ohms, and acceptable thermal
stability, it was decided that silicon transistors would
be necessary. This conclusion is apparent after setting
up a few theoretical circuits which satisfy the emplifi-
cation and input impedance requirements, and then calcu-
lating the stability factors for the various circuits,
allowing a 15°F temperature variation. With germanium
transistors it was found that the quiescent collector
voltage could easily change a volt or more, while with

silicon transistors the change was in the order of
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hundredths of a volt.

The NPN type of transistor, in contrast to the PNP
transistors used in the ac amplifier, was chosen in order
to use the quiescent de level of <14 volts at the output
of the domodulator to the best advantgge. In addition to
the type, it is easily seen that a moderate hpy 18 desired
along with an alpha cutoff frequency of several hundred
kilocycles.

One more condition must be imposed before a satisfact-
ory transistor can be chosen. This condition is that the
transistor must have a maximum collector-to-emitter voltage
in the order of 40 volts or more if a + 15 volt output
swing is to be permitted. This is true because the commone
enitter amplification stage must produce a plus or minus
17 or 18 volts which is attenuated to 15 volts by the
common-collector output stage and the AZS arrangement.

From these conditions, then, the 2N334 transistor
was chosens Specifieally, it is a silicon type NPN tran~
sistor with an hto of about 40 and an alpha cutoff fre-
quency of 8 Me. In addition it has a maximum collector-
to~emitter voltage of 45 volts.

The output de auplifier circuit itself 1is a straight-
forward conventional type of circuit, which presents no

unusual situations. However, the common-collector output

stage requires considerably Jjuggling of power supplies
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and breakdown diodes until the proper combination of
voltages is arrived at whereby the guiescent output level
will be zero volts de.

It is naturally understood that the common-collector
output stage besides providing an AZS arrangement was asked
to provide a low output impedance of about 1,500 ohms.

This value ean be calculated from circuit equations (16,

pe 11-23) or obtained experimentally. The output impedance
could easily be lowered to 1,000 ohms or less with a proper
choice of power supplies. ‘

Additionally, the low-pass RC filters or shaping
networks were found necessary to limit the bandwidth and

consequently reduce the output noise.
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EXPTRIMENTAL RESULTS

In the manner desoribed previously, a d¢ chopper
amplifier was constructed as indicated on the eircuit
diagram, figure 4l. The gompleted circuit and test setup

appeared as shown below,

Figure 18, Experimental Test Setup

Dc Amgljfior Results

Before evaluating the spacific results of the total
de amplifier, considerable insight into the operation of
the amplifier can be gained by examining the oscillographs

recorded at various points in the circult under various
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test conditions. All oscillographs were recorded with an
effective oscilloscope bandwidth of about 10 kic and a
chopping frequency of 80 ke unless otherwise noted. Also,
the scale factors listed are per major -division as shown
on the oscillographs.

The operating characteristics of the input chopper
wers difficult to obtain pictorially because of the very
small voltages involved, less than one millivolt. How=-
ever, the output of the input shopper with a zero input
signal appeared as indicated balow.

Figure 19. Output Voltage of the Input Chopper With A Zexo
Input Signal

TR ] Horiz: 2 usec/div

(A) | o i Vert: 2.5 mv/div

Horiz: 2 usec/div

(B] b :::5:.:* ' e 4 Vert: 25 mV/div
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lloriz: 2 usec/div
(Bandwidth of 1.3 lLic)

(c)
Vert: 2 mv/div

The most important characteristic to be noted from
these oscillographs are the form and mmagnitude of the
transients which occur while the chopper is changing
states. It should also be noted tnét there is no appreci-
able blas error produced in either state. Figure 19-C
illustrates the waveform approximately as seen by the :
ac amplifier since the ac emplifier has a bandwidth of N
950 ko and the osoillograpQ was recorded with an effective
oscilloscope bandwidth of 1.13 Nc.

The output of the input chopper with an applied

external signal is indicated below.

Figure 20, Output Voltage of the Input Chopper With A
-1 lillivolt DC Input Signal

Horiz: 2 usec/div
(Bandwidth of 1.3 Mc)

R ataaaR e L AR aaRRRNS SONNY Yeort: 2 mv/d.iv
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Figure 21. Output Voltage of the Input Chopper with An
AC Input Signal :

Horiz: 2 msec/div

Vert: 2.5 mv/div

The previously shown two oscillographs were recordad
on the.output side of the capacitor connecting the chopper
%o the ac amplifier, thus they represent the input to the
ao amplifier., The indicated response to a dc signal is
quite obvious, in contrast to the response 1o the ac sig-
nal. Figure 21 should contain two traces wiich have an
outline similar to the familiar amplitude-modulated wave,
Thus the outlines of the two traces should be 180° out of
phase with each other. However, the signal level had to
be 1ncre;aed beyond that required for normal operation to
obtain a visible trace, and they appear somewhat distorted.

The following figure illustrates the response of the
ac amplifier to the chopped waveform with a zero input

signal.
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Figure 22. Input and Output Voltage Waveforms of the AC
Amplifier With Zero Input Signal

Upper trace:
Horiz: 2 usec/div
Vert: 2.5 mv/div

0 O L S0 DOV VR OO Lower trace:
3 Horiz: 2 usec/div
Vert: 5 v/div

This oscillograph vividly illustrates the hold stor-
age time accumulated by the ac amplifier in response to
the large transients gaused by the input chopper. This
is a basic limit to the speed of chopping whi&h can be
used effectively. The portion of the trace immediately
to the right of the negative transient-is that produced
by the chopper being in the conducting or non-transmitting
state, and the portion immediately to the right of the
positive transient is produced while the chopper is in
the non-conducting, or transmittiﬁg state.

The response of the ac amﬁlifier to an applied de

input signal is seen in thg following figure.
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Flgure 2%. Input and OQutput Voltage Waveforms of the AC
Amplifier With an Applied Input Signal of -0,.8
Millivolts

Upper trace:
Horiz: 2 usec/div
Vert: 5§ v/div
Lower trace: :
Horiz: 2 usec/div
Vert: 2.5 mv/div

This figure illustrates the change in the waveform
at the output of the AC amplifier caused by an input signal
of -0.8 millivolt. The lower trace was recorded at the
input to the ac amplifier, and the upper trace at the out-
put of the ac amplifier.

Figure 24, Output Voltage Waveform of the AC Amplifier
With an AC External Signal

’ , ' § 'l__ '|_ Horiz: 2 msec/div

Vert: . 5 v/div

This figure illustrates the waveform produced at the
output of the ac amplifier by virtue of applying an ac
signel at the input to the d¢ amplifier. It will be noted
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thet the two outlines of the ac signal are 180° out of
phase as they should be.

The next figure illustrates the ability of the output
demodulator switch to control large signals. The illustra-
tion was obtained by replacing the input to the switch by
a simple de source and removing the demodulator capacitor.
Thus the switch should ideally connect the dec source to
the resistive load and disconnect it according to the
polarity of the switching voltage.

Figure 25. Response of the Demodulator Switch to Large
Signals
(A) Applied source of 15 volts

A Horiz: 2 usec/div
b Vert: 5 v/div

(B) Applied source of =15 volts

lioriz: 2 usec/div
vert: 5 vfdiv

NLFETT PP FET FTe Ty




73
It is seen from this figure that the switch can econ-
trol positive signals as large as 15 volts very well,
however, as is typical of this switch it does not quite
completely turn off a negative signal of 15 volts. It
was observed, though, to control a negative 10 volts
very well. Since the maximum signal to be encountered in
application is 5 wvwlts, it was concluded that this series
type of switch can control the;o signal magnitudes very
well.
The following illustrations depiot the response of
the demodulator to an epplied do signal.
Figure 26, Input and Output Voltage Waveforms of the
Demodulator in Response to a Given DC Signal
(L) Zero Input Signal
Both traces:

1 z Horiz: 2 usec/div
: Vert: 5 v/div

(B) #0.8 Millivolt DC Input Signal

Both traces:
Horiz: 2 usec/div
t Vert: 5 v/div
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(C) =0.8 ¥illivolt DC Input Signal
Both traces:

” Horiz: 2 usec/div
fA 3 Vert: 5 v/div

In these oscillographs, both traces were recorded
with the same dc orientation, although the dc orientation
is not the same for all three oscillographs. The straight
line or trace was recorded at the output of the demodu-
lator, while the other waveform was taken from the input
to tﬁe demoﬁulator, or the output of the ac amplifier
oommon-collector output stage. These figures then show
which part of the waveform the demodulator output follows.

Figure 27. Input and Qutput Voltage Waveforms of the
Demodulator in Response to an AC Signal Input

Horiz: 2 msec/div
Vert: 5 v/aiv

(A)

j Horiz: 2 mseo/div
(B) : Vert: 5 v/div
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The above two oscillogrupha were taken with corres-
ponding phase and dc¢ reference. The upper illustration
shows the input to the demodulator, and the lower illus-
tration shows the output of the demodulator. From these
oscillographe one may easily see that the upper more fuzzy
component of figure 27-A 1s the one which is recovered by
the demodulator. The lower one could be recovered by
merely changing the polarity of the switching voltage on
the demodulator switch, however, it would be 180° out of

phase with the original signal, as previously esxplained.

Figure 28. Output Voltage Waveform of Total DC Amplifier

s _i i\ Horié: 2 wmsec/div
j &. f [11 Vert: 5 v,div
I, i
\

"‘1-.....__‘__

/] 55\}!

The above figure illustrates the sinusoidal waveform
at the output of the d¢ amplifier with a full 30 volt
swing from peak-to-peak.

The noise at ﬁhe output of the do amplifier with a

zero input is depicted on the following page.
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Figure 29. Noise at Output of DC Auplifier

Horiz: 2 msec/div
Vart: 0,26 v/div

It can be noticed that the noise is primerily com-
posed of low frequency components, and has & meximum peak-
to-peak magnitude of about 0.6 volts.

The switching voltage waveform used throughout the

tests appeared as indicated below.

Figure 30. Switching Voltage VWaveform

. Horig: 2 usec/div
Vert: 0.25 v/div

A very pertinent characteristic of the overall de
amplifier is the effect of variations in the chopping
frequency. This effect is shown in figure 31. (Figures
31 through 41 are contained in Appendix I.)

This figure illustrates that the amplification of
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the overall de¢ amplifier is gquite indiiferent to changes
in the chopping frequency over a fairly large range of
frequenciess The overall auplification is within 2 db of
maximun with a chopping frequency anywhere from 20 ke to
80 ke, with the & db down points at 12 ke and 140 kc.

The fall-off at low frequencles is caused partly by the
fall-off of the ac amplifier at low frequencies and partly
by the imeability of the pulse transformers, which supply
the switeiing voitage to the switches, to pass good asquare
waves. At low frequencies their output beccmes the deriva-
tive of the input square wave. The high frequency falle
off is caused primarily by the fall-off of the ac amplifier
and the effects of the transients produced by the input
chopper which become more critical as the chopping period
is reduced. Both the input chopper and the demodulator
switeh were found to switch very effectively as high as
three or four hundred kiloeycles. However, with an ac
anplifier response as indleated in figure 32, the abvllity
to pass a good representation of a square wave 1s linited
to about 100 kee It 1s generally understood that at least
five harmonics are required to produce an approximation

of the square wave. This would mean the first, third,
fifth, seventh, and ninth harmonic of the fundamental,
since the square wave is composed of an infinite number

of odd harmonics.
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The ac amplifier also causes a time lag from input
to output of about 0.3 usee, or a phase lag of about
9° at 80 ke. This characteristic is probably beneficial
as it indicates that the demodulator switch changes states
slightly before the corresponding part of the chopped
signal has been passed. Thus the demodulator retains the
potential of the top of the chopped weve rather than a
magnitude determined by the transients or round off of the
chopped signal.

The frequency response of the overall de amplifisr
is shown in figure 33. The amplification is flat from
de to 400 cps with a 3 db down point at 1,100 eps which
is Just slightly beyond the requirement of 1,000 eps.
The phase-shift from input to output is 117° at the 3 ab
down point.

The frequency response of the overall dc amplifier
is primarily determined hy'the demodulator and output
de amplifier, the remainder being due to the input filter
and half-wave chopping technique. This conclusion is
easily seen by comparing figure 33 to figure 34 which
shows the frequency response for the output demodulator
and output dc amplifier. The rather abrupt fall-off in
amplification and the consequent rise in phase shift are
caused by the demodulating capacitor, and the other loi-
pass RC filter placed in the output de amplifier. These
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filters were necessary, first, to meintain stability, and
second, to reduce the noise of the overall dec amplifier.
Since noise is approximately proportional to bandwidth,
doubling the bandwidth approximately doubles the noise at
the output. Stability could be obtained with a much larger
bandwidth, as large as ten or twenty ke, however, the
presence of considerable noise required that the bandwidth
be reduced to a minimum. This then is the reason for the
restricted bendwidth.

The noise at the output of the overall open-loop de
emplifier was found to be about 0.6 volt peak-to-peak, or
about 0«3 volts as indicated on an rms voltmeter with a
frequency range of 20 eps to 2 me. Of this total, about
6 millivolts peak-to-peak were contributed by the output
de ahplirier alone, and about 0.3 volts peak-to=-peak by
the ac amplifier alone. The comparatively large noise
voltage of the overall dc¢ amplifier, however, was found
to be produced by the chopped waveform, entering the ac
amplifier, being modulated by the noise of the first
couple of ac amplificetion stages, the noise modulated
signal being further amplified in the remainder of the
ac amplifier, demodulated in the demodulator, and further
amplified by the output de amplifier. Consequently, to
reduce the noise voltage without further limiting the
bandwidth, a very low noise ac amplifier must be
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constructeds Thus very low noise figure transistors,
especially at low frequencies, are indicated.

In this discussion it should also be noted that con-
siderable emphasis must be placed on obtaining power
supplies which exhibit very low noise voltages while
under load. If the power supplies indicate a noise volt-
age much in excess of 0.5 millivolts peak-to~peak, the
noise figures of the individual components and overall
de amplifier increase very rapidly.

An added feature was also built into the output de
amplifier in that by removing the 10,000 ohms series
resistance between the demodulator and output de amplifier,
the amplification of the overall emplifier could be raised
from 26,500 to 44,000, This would represent a significant
improvement in the de¢ amplifier al though the noise and
drift increase proportionelly. However, because of the
great difficulty involved in obtaining valid open-loop
test results at the higher value of gain, the amplifier
was left at its lower value for the tests indicated in
this discussion.

It will be noted from the previous experimental
results, that this system is also wasteful of the amplifi-
cation built into the different components. With an ae
amplification of 22,000 and output de¢ amplification of
4.3, a total amplification of about 94,000 is possible.
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However, out of this possible amplification of 94,000

only 26,500 is realized, the remainder being absorbed by
the input circuit to the ac amplifier. In comparison,

a very small emount of amplification is lost in the demodu~
lation process. In addition, if the input impedance is

increased, the total overall de emplification is further
reduced since the overall de emplification is approximately
inversely proportional to the input impedance.

Durihg the operation of this test circuit it was

noted that the long term drift, several hours, at a given
room temperature was negligible in comparison to the

noise, probably being less than 0.1l volt peak-to-peake.

The non-linear distortion of the overall open-loop
de amplifier was found to be 3.8f%. This value represents
a minimum value, as the exact settings of the chopping
frequency and magnitude were optimized. The distortion
is definitely dependent upon the magnitude and frequency
of the chopping source, and the magnitude of the switching
signal supplied to the demodulator switchj although not

in a well defined manner. Consequently there values must

be individually edjusted for best results. The non-linear
distortion of the ac amplifier and output de amplifier
contribute only a very small part of the total observed

non-linear distortion.
The thermal drift of the open-loop overall de

amplifier is indicated in figure 30. It is shown that
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the overall de emplifier has a drift of about 0.25 volt
in the temperature range of from 55°F to 85°F, which is
the normal operating temperature of laboratory equipment.
However, at temperatures much higher than 85°F the thermal
drift increases very rapidly. This sudden rise and then
fall is caused by the unbalanced temperature tracking
qualities of the germenium trensistors used in the input
chopper. Thus, if one desires a small thermal drift at
high temperatures, silicon transistors or temperature
matched germanium transistors are indicated.

The contributions to the overall thermal drift by
the ac emplifier and output de eamplifier are illustrated
in figure 36. The rather non-uniform drift of the ae
amplifier is caused by the different temperature tracking
abilities of the different stages, diodes, and resistors.
The thermal drift of the output dc amplifier is rather
uniform although much higher than would be expected. This
would lead to the conclusions that either the silicon
transistors had higher I, values than indicated, there
were some unusually temperature sensitive resistors in
the eircuit, or the diodes had large temperature coeffi-
clents. It should be noted that the output de amplifier,
particularly, is of an experimental nature. Thus i% could
be "ecleaned up" in a well thought out design and thus made

more stable with temperature.
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From the preceding discussion, it is seen that the

eircuit as shown in figure 41 has the following major

specifications.

1.
2
S
4.
5.

Ge
7e
8.

9.
10.
1l.

Voltage amplification of 26,500,

Input impedance equal to 2,000 ohms.
Output impedance equal to 1,500 ohms.
Maximum output voltage swing of 15 volts.

Thermal drift equal to C.25 volt in the teupera-
ture range of 55°F to 85°F.

Long term output drift less than O.l volt.
Bandwidth of de to 1,100 ecps.

Phase-shift at 1,000 ¢ps equal to 117°, with
reference to the input.

Noise at output equal to 0.6 volt peak-to-peak.
Non-linear distortion equal to 3.8%

The circuit requires matching input chopper
transistors which is easily accomplished. C(ther
transistors are interchangeable with only a
readjustment of emitter resistor usually necessary.
Individual adjustment of chopping frequency and
switching signal magnitudes is necessary for
optimum results.

As a word of caution, it should be mentioned that the

dec chopper amplifier as shown in figure 41 is strictly an

experimental circuit and consequently its physical circuit-

ry could be improved.



84
Operational Amplifier Results

Since the de amplifier was designed toward an appli-
cation to the operational amplifier, its basic characteris-
tics as an operational emplifier network are of interest.

(The network, as shown in figure 1, becomes merely an
operational de emplifier if Z; and Zp are resistors, the
ratio of Ry to Rl being termed the dc gain of the network,
If 7 is a resistance, while 7, 15 & capacitor, the net-
work becomes an integrating operational amplifier; and
if the resistor and capacitor are interchanged, the net-
work becomes & differentiating operational amplifier.)

The predictability of the operational dc amplifier
was found to correspond very well with the theoretical
values indicated in figure 44. With 7, and Z in the
order of 10 ohms to 10 Kohms generally very predictable
operations could be performed, the error being in the
order of 1%. However, with more incongruous values the
error could easily be increased to 100% or more. An exact
analysis of the predictability was difficult to obtain
because of the required accuracy in components and measur-
ing instruments.

The frequency response of the operational de amplifier
network is indicated in figures 37 end 38. TFrom figure
37 it is noted that the bandwidth is nearly the same

regardless of the value of de gain, thus a trade of
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bandwidth for gain 1s not effecteds. This characteristie
was obtained because the fall-off of amplificetion with
frequency of the overall de¢ amplifier was not the ideal
6 db per octave, and probably also because the resistors
in the operational amplifier network were interacting with
frequency sensitive elements within the dc amplifier itself.
Consequently, at a de gain 6f unity the bandwidth was only
about 4,000 eps, at a de gain of 48 the bandwidth was about
1,700 cps, and at the open-loop de gain of 25,000 the
bandwidth was still 1,100 cps.

The phase-shift response of the operational de
amplifier network at differcnt values of de gain is illus-
trated in figure 38. This figure shows that the phase=-
shift is relatively independent of values of de¢ gain below
50, This would be expected from the amplification response
previously noted.

Also of particular interest is the amount of non=-
linear distortion which the particular operational ampli-
fier network exhibits. This relationship is shown as a
function of de gain in figure 39. The non-linear distor-
tion in the open-loop configuration was about 3.8% which
decreased to less than 0.1% at unity de gaine. In the open=-
loop configuration, the switching frequency and magnitudes
had to be individually adjJusted to obtain the optimum
results; however, when loaded down with feedback until
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the de gain was in the vieinity of 100 or less, the opera-
tional amplifier was quite insensitive to the switching
frequency and magnitude.

The noise encountered in the operational de emplifier
was about 0.1 to 0.2 volt peak-to-peak for values of de
gain below 100.

The response of the integrating type of operational
amplifier network is depicted in figure 40. With an RC
time-constant of 0.005 seconds, the quality of integration
would only be expected to be good above 200 eps, as shown.
It is seen that the amplification of the network varies
inversely as the frequency, and that the phase-shift,
with reference to the input, is 90° for all useable fre-
quencies. The phase-shift is not merely the phase-shift
relationship of the open-loop dc amplifier plus an addi-
tional lag of 90° as might be expected, because the
integration relationship is obtained as long as the
amplification is high, with no regard to its phase~shif$,
as long as it is stable.

From a brief investigation of the integrating opera-
tional amplifier, it wes generally concluded that the
network behaved in a predictable manner within its limita-
tions as indiceted in Appendix III.

The differentiator type of operationel amplifier

network is not of very much practical use since its output
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is primarily noise., This was easily verified. Conse-
quently no specific data was taken on the differentiator

type of network.
A complete analysis of the characteristics of the de

chopper amplifier used in operational amplifier networks

is beyond the scope of this report.
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CONCLUSIONS

General Discussion

Of the two possible modes of operation, current or
voltage, the operational voltage amplifier network is much
better suited to large scale analog computer operations
because of the possible use of common power supplies for
the operational amplifiers. The specifications for a
de amplifier, to‘ba used in such a network, may deviate
considerably from ideal, and still not destroy the use~
fulness of the amplifiers In particular, the input
impedance, output impedence, and phase~shift may vary
appreciably from the ideal, and as long as the amplifi-
cation is high, accurate and predictable operations may
be effected.

In selecting a transistor de amplifier circuit for
such an application, considerations of voltage amplifi-
cation and temperature stability are of paramount impor-
tance. In general the direct-coupled type of de circuitry
is unsatisfactory because of the conflict between bias
stability and emplification. However, the differential
type of circuit is much to be preferred to the single-
sided configuration. The conflict between bias stability
- and amplification in direct-coupled circuits can only be

resolved appreciably by using matched or custom tailored
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temperature sensitive elements. Thus one usually resorts
to a de chopper-stabilized or de chopper-amplifier.

Of the chopper-stabilized emplifier or chopper-ampli-
fier, the chopper-amplifier outwardly offers the simplest
solution. However, the success of this system is primerily
determined by the quality of the choppers. The chopper
must also be A high frequency device in order to obtsain a
suitable bandwidth. Herein, a method has been developed
whereby transistors can be easily picked which are matched
at a specific value of base current and temperature, and
thus exhiblt ideal characteristics in a differential type
of switech. Thus a very high quality switch can be con~
structed. This switch utilizes two transistors in the
inverted connection, series pair configuration.

The principle disadvantage encountered with this type
of chopper, however, is that the transistors are not neces-
sarily balanced at all temperatures, ilus considerable
mismatch may oceur at higher temperatures; and that an
appreciable transient of about one~half microsecond dur-
ation is p;odunad as the switeh changes states. These
imperfections are further magnified by the ac amplifier,
and as a result the chopper-amplifier designed around this
input chopper may have very poof temperature characteris-
tics.

A chopper-type de¢ amplifier was constructed, as
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illustrated in figure 41, which consisted of a series
arrangement of input chopper, ac amplifier, demodulator,
output dc¢ emplifier, and their associated circuitry. The
input chopper was constructed as indicated above, and the
overall de amplifier exhibited a thermal drift of C.25
volte in a temperature range of from 55°F to 85°F, and an
output noise of 0.6 volt peak-to-peek with a bandwidth of
from de to 1,200 cps. Other principle specifications were
an input impedance of 2,000 ohms, an output impedance of
1,500 ohms, a maximum output voltage swing of f’lb volts,
end a voltage emplification of 26,500. A much larger
bandwidth could be utilized, however, the noise increases
approximately proportionsl to the bandwidthe The rela~-
tively large noise woltage of 0.6 volts peak-to-peak was
ceused by the noise of the ac amplifier modulating the
chopped signal.

Within its limitations the amplifier was found to
operate satisfactorily as an operational amplifier in
the integrator and dec amplifier operational networks. The
de chopper amplifier as shown in figure 41, however, is
an experimental circuit and consequently its physical
cireuitry could be improved. Its principle value lies
in providing the general characteristics of this type of
circuit --it is not an end result in itself.
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Pogsibilities for Future Work

Future work in the field of transistor de amplifiers
could well be directed at improving the characteristics
of the de chopper amplifier which was investigated in
this report. The principle disadvantages of this circuit
were found to be its excessive thermal drift, noise, and
low input impedance.

The use of silicon transistors in the input chopper
would definitely improve the temperature characteristics
of the circuit and possibly improve the chopping operation.
Another possibility of improving the modulation technique
lies in eliminating the switching transients. This would
ellow & much greater chopping frequencye.

4 delightful possibility of improving the overall de
amplifier is that of using a current-step-up transformer
in the input circuit between the chopper and ac amplifier.
This could possibily improve the switching characteristics,
input impedance, and overall amplification.

An extremely low noise, high gain, ac amplifier is
also required to reduce the noise of the overall systeml.

To further perfect the amplifier, it is quite probda-
ble that a phase-lead network could be utilized to correct
for some of the undesired phase-shift.

From this investigation, it is definitely seen that

the chopper-stabilized amplifier, figure 6-A, deserves
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considerable investigation as it may prove to be a better

system than the one herein investigated.
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ILLUSTRATIONS OF TEST RASULTS



VOLTAGE AFLIFICATION ( X 10°)

Figure 31, OVERALL DC AVFLIFICATION AXD
CHOPFING FREQUE!CY,

Note: Signal frequency ® 30 cps
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Figure 32, AC AVPLIFIER FREQUENCY RESIONSE
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Figure 33, OVERALL OPEN-LOOP DC AMPLIFIER |
FREQUENCY RESFONSE,

Amplification
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AUPLIFICATION

Figure 34, DEMODULATCR AND CUTIUT DC AIFLIFIER
FREQUENCY RES FONSE.
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Figure 35, THERMAL DRIFT OF OVERALL OPEN=-LOOP
DC AILFLIFIER,

OUTFUT POTENTTAL, VOLTS
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Figure 36, THERVAL DRIFT CF AC AMPLIFTER
AND OUTFUT DC AlPLIFIER,

Output DC Amplifier

AC Amplifier

i 4 I 1 i 1 i i
v T v v 1

50 60 70 80 90 100 110 120 130

TENFERATURE, °F

102



DC GAIN

Figure 37, FREQUENCY RESFONSE OF 'OFERATIONAL
AMPLIFIER AT DIFFERENT VALUES OF DC GAIN,
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Figure 38, PHASE-SEIFT AND FREQUENCY FCR THE
OPERATIONAL AMPLIFTER AT DIFFERENT
VALUES OF DC GAIN,

Note: O DC gain ® 48
O DC gain = 10
ODC gain= 1
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Figure 39, NON-LINEAR DISTORTION AND DC GAIN
OF TEE OFERATIONAL ANFPLIFIER,
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AIIPLIFICATION

Figure 40, FRECUENCY RESIONSE OF OrERATIONAL
ANPLIFIER INTEGRATOR NETVWORK,

Note: R = 1,0 K.
C = 045 uf
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APPENDIX II

DEVIATION AND ILLUSTRATION OF THE ERROR
CHARACTZRISTICS OF A NON-IDEAL
OPERATIONAL NETWORK
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DEVIATION AND ILLUSTRATION OF TH® ERROR CHARACTERISTICS OF
A NON-IDEAL OPERATIONAL NETWORK

The non-ideal dc amplifier can be represented in

terms of the ideal amplifier as shown below.

Figure 42, Equivalent Cirecuit of the Non-Ideal Amplifier

T e e
SN G R

o
|-q---—o

where: r = input inpedance
Ry, = output impedence

Thus the general operational amplifier network for

a non-ideal operational amplifier is represented as shown

below.
Figure 43. A Non-Ideal Operational Amplifier Network




Now, if we assume a zero source impedance and infinite

load impedance, and equate the sum of currents into the

second summing point to zZero, we obtain:

1 1 1
€5 1 1 ® 1 ®o 1

®in zl Z Z

n;;z§'+ %'( T;"*H;F%; %)

Utilizing the first summing point, we obtain:

(3) (g =er)ie+ A
o o ) Ry (o, = A. ) ‘E; =0
e Z+R°
(&) .%.: 2 X
o Ry + Zg

Multiplying expressions (2) and (4) yields,

Ry
% _ By T =
®in
-7+ (Zl+1° lez-sz'fRo)
Now if <<%

Zg
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@
o]

(5)

%2

1%* 122 Z; R

+—(z+
Zl 1 N | z2 A o

1
And neglecting the term in Zz' ’

Zg

°O

(6) &,
Z, R R Z

1 l o

Z, R A
Now 1if 3-%- (2 + -%5’-4—-2-1;-3-4-&(, + zgff-"zz—l)(< 1

(7) e B ol S (L+o21 2424 540 )]
n
1 *F 3 Z |

The error term is easily recognized as

< s R . 2. K % . 5%
(8) emwor= 6= $(a+ Rt RegRach)

Solving for Z; we obtain

=2, r (Zy+ R, )

(]

(9) 1z =
Yo g g AN s A | R
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Now if we desire the error limiting values of Zy and

Z), they can be found from the equation:

"zzl‘(ZE‘!'Ro)

(10) % = -
- é -
zz + 2, ( R+ T-Aér ) + Rr
A = 25,000
For the specific case of: r = 2,000
R.= 1,000
6€:  10% L= - gl 6= 0.1%
T\ | Zpa Zo] 2k Zg, . | Zpn
S D w1 e B i o
1 & 10 6.67 100 70
1K 0.8 1K 8.0 1K 8%
10 K 4.4 10 K 45.0 10 K 550
100 K 40 .8 100 K 500 50 K -
1M 500 500 K -
b M -
£ = error

This plot is spproximated on the following page.
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APPENDIX III

DERIVATION OF INTEGRATING OPERATIONAL
AUPLIFIER NETWORK TRROR
RELATIONSHIP
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DERIVATION CF INTEGRATING OPERATIONAL ~MLPLIPIER NITWORK
ERROR RELATIONSHIP
Proceding as in Appendix II,

Figure 45. A Non-Ideal Operational Amplifier, Integrator

7
- e >?\% -
e v o} o
| % { i
: =

Assunptions: 1. Zero source impedance
2. Infinite load impedance

¢

In terms of the Laplace operator S, the current

summation around the second node yields,

1 1 d
-] -} - 3
BE L= s b PR s B8 DS
cs

Rearrangement yields,
5 4
(2) % . :

®in RGS 41 (__RGS 4 R4,
RO cs+1 A Ry cS *+1 r




Sumning the currents about,the first node ylelds 114

-]
(3) (o, - o)) F-+(e-3>) c85=0

A

e, 1+;J§(R°cs)
Ul ot T R, C S +1

Combining the expressions (2) and (4) gives
1+% (R, cs)

(5) °1n - l R Ro
-ncs+1- RCS + R,08 + 80 —— + b

1 1
Ir Y ( R,CS )<< 1, and we neglect terms involving P B

'o:_ 1

®°in  _pes+ L [(RCS) (RyCS)+ ROS+ Rocs+n_:‘;.°.cs+ i%“']

(6)

and, agein if ——— [ (Rcs) (R C8) + RCS +R,CS +—H-R9-cs+ 71 K1

ARCS
e 2R
bRy . 1 ]
(7) ®n - " RCS [1-1- (RoCS+ 1+ =+ g + 555 )

1 2
<o wls [ 10 E (et e R TR v 1]



APPENDIX IV

DEVIATION UF DIFFERENTIATING OPERATIONAL
AMPLIFIER NETWORK ERRCR
RELATIONSHIP
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DEVIATION OF DIFFERENTIATING OPERATIONAL AMPLIFIER NETWORK
ERROR RELATIONSHIP

Proceding as 1n'nppendix ?

Figure 46. A Non-Ideal Operational Amplifier Differentiat-
ing Network

'S

Assumptions: 1l. 2Zero source impedance
2. Infinite load impedance

In terms of the Laplace operator S, the current

summation arourd the second node yields,

R, R 2
G Y R e et Tl = B 0% =0
A °)H+Ro LA IR in)
& ,g_ C S
R+R, & ' T ' R+tR
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(4)

(5)

(6)

(7)
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The summation of currents about the first node yields,

1
e
(o, - o i 4 iy s
R
Q
% Bz
et R+BR

Combining expression (2) and (4), yields

R
e, (R-22)cs
2 =
in 1 R Ro
'1*1'[1"3'-'*'5-
1 %
Now if I(1+-1-;+ j<=<l 1,

®in

e
- -[Rcs-;gcs][ 1+%(1+§+}R2J]

Combining terms and neglecting the term involving i-g-.

og, -RGS[ 1+-(R°cS+5+:2+1)]



