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INTRODUCTION

The transistor has become one of the major significant break-
throughs in the electronics field. New techniques of circuit design,
miniaturization, and reliability are now emerging, due to the utili-
zation of the transistor and other simiconductor devices. Latest
design trends for military equipment have been predominantly towards
the use of these devices for the active elements.

It is probable that every engineer will be involved in some phase
of transistor circuit design. From a cursory investigation, it would
seem not too difficult a task to utilize previous electronic background
and experience in the design of transistor circuits. However, this is
not entirely the case. Established circuit design based on vacuum tubes
was a guide to the early transistor circuit designer; however, due to
the imagination and interest created by this new device, new applica-
tions and methods. of design have resulted. Practical experience has
shown that it requires a modified design approach, which is made manda-
tory by the unique characteristics and parameters of the semiconductor
devices.

During the developmental years of the transistor, many techniques
of design were invented to overcome some transistor shortcomings. 1In
many cases, these techniques are still useful, although the deficiencies
associated with the early type transistors have nearly vanished. At
present, the emphasis is on circuit refinements -and new systems approaches,
more so than on new circuit techniques. It is for this reason that
the Handbook of Semiconductor Circuits has been written.

The purpose of this handbook is to provide the transistor circuit
engineer with a reference of reliable, well-designed examples of con-
temporary circuits suitable for use in military equipment, as well as
general usage. To make this a valuable handbook in years to come, when
the selected circuits may have been outdated, the design philosophies
included with each part have been given great emphasis.

The design philosophies have been presented in a practical and
informative manner, as a basis for the design of circuits other than
those shown in the text. It was felt that a mere presentation of
selected circuits would not have been sufficient, as the design philoso-
phies will give the circuit designer valuable information in further
developing the selected circuits, as well as the design of his own
circuits.
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The circuits were selected on the basis of inventiveness, relia-
bility, or advanced state of the art design. We wish to stress here that
this is not a handbook of preferred circuits, but rather a group ex-
emplifying good design and reliability. This is a book employing
building block circuits, rather than systems. There is a circuit de-
scription with any pertinent or unique design or operational data on
all selected circuits, followed by a schematic. The contributor is
listed with each circuit. 1In some cases, the contributor is not the
inventor of the idea or circuit, but has modified or further developed
the original circuit into a more reliable-type circuit.

The areas of circuit design covered are complete and are listed
here for reference.

Part 2 - Direct-Coupled Amplifiers: The problems associated with
transistors in d.c. amplifier applications presented perhaps the great-
est challenge to the circuit designer. The leakage current was high
in early transistors and the need for stabilization under these condi-
tions lead to excellent design techniques that presently provide a
high degree of reliability. The selected circuits included in this
part are considered to be the best available and will find wide appli-
cation. The design philosophy of this section illustrates not only
the problems related to d.c. amplifier design, but provides an
excellent discussion of transistor fundamentals.

Part 3 - Low-Frequency Amplifiers: This section is written in basic
terms and gives concise design principles. The feedback techniques are
illustrated in both the design philosophy and selected circuits and
show clearly the various characteristics of the different circuit
configurations. Numerous graphical representations of the transistor
characteristics provide a better understanding of the design con-
siderations. Both high and low power amplifiers are included.

Part 4 - High-Frequency Amplifiers: This section covers video
amplifiers, narrow band and wide band amplifiers, as well as many other
important high frequency-circuits. The design procedure illustrates
recent techniques that will prove invaluable to the engineer. 1In
addition, the discussion is written in a classical manner to provide a
wealth of advanced circuit design techniques.

Part 5 - Oscillators: This is the first work on this subject
in recent years to give practical circuits in addition to a theor-
etical analysis. The various types of oscillators shown provide
a wide choice of designs for current circuit applications.

Part 6 - Switching Circuits: Described in detail are the many
circuit approaches that exist in this area. The various circuit
methods such as direct-coupled (DCTL), resistor transistor (RTL), and
others presently in use are compared in terms of efficiency, complex-
ity, and ease of design. The design philosophy illustrates the design
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methods commonly used in switching circuits and many examples
are included. The text is written in simple terms with many complete
design examples. Basic switching circuits capable of operation in

the 5 to 10 megacycle range are included.

Part 7 - Logic Circuits: This section is written in a manner that
complements the switching circuits section. All the presently used
logic methods are discussed, and associated circuits are included.

The logic section contains gates, ring counters, shift registers, half-
adders and matrix switches.

Part 8 - A.C. to D.C. Power Supplies: This section is unique among
material of this sort in that it describes the important design con-
siderations with emphasis on practical applications. The circuits
covered include unregulated, regulated, shunt voltage, series voltage,
series current and transistor magnetic regulators. Overload pro-
tection and regulated amplifiers are also discussed fully. Economical
design considerations are a major feature of this section.

Part 9 - Power Converters: The converter section covers both
d.c. to d.c. and d.c. to a.c. type. The selected circuits have been
chosen to represent the most classical work in this area. The design
philosophy is written to provide a firm basis for continued design
work .

Part 10 - Small Signal Nonlinear Circuits: This section describes
mixers, converters, detectors, modulators, multipliers, and dividers.
The important transistor characteristics for these circuits are
discussed in the light of recent design procedures.

This handbook is not an attempt to set up any type of preferred
circuitry. Rather we hope to provide a handy reference, with a large
number of circuits, exemplifying good design and reliable-type
circuitry, as well as to encourage the standardization of semi-
conductor circuit nomenclature and symbols.

13
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PART 1

ABBREVIATIONS AND SYMBOLS

10. SCOPE

10.1 This gection covers the abbreviations and symbols for use with
semiconductor devices.

20. GENERAL

20.1 The abbreviations and symbols used in this specification are those
generally accepted by the electronic and electrical industries. The fol-

lowing is an explanation of the elements of these abbreviations and symbols:

. (a)

(b)

(c)

(d)

(e)

(1)

(g)

(h)

Lower case letters are used as primary symbols for small
signal internal device parameters and for instantaneous time
variable current, voltage and power,

Lower case letters are used as subscripts to indicate small
signal parameters and varying component values.

Upper case letters are used as primary symbols for external
circuit parameters and components, large signal device
parameters, and for maximum, average, and root-means-
square values of current, voltage, and power.

Upper case letters are used as subscripts to indicate static
values, large signal parameters and d.c., average and
instantaneous total values.

For electrical quantities, the first subscript designates the
electrode at which the measurement is made.

For device parameters, the first subscript designates the ele-
ment of the four pole matrix, for example, I or i for input,

O or o for output, F or f for forward transfer, and R or r for
reverse-transfer.

The second subscript normally designates the reference
electrode,

Supply voltages are indicated by repeating the associated device
electrode subscript,

30. LISTING

30.1 Example and special abbreviations and symbols are as follows:
(J or j is used as a general reference electrode indicator and K or k is
used as a general measurement electrode indicator).

17



A ...

- S

a.c. ..
Aac ..
Adc . .
AQL .

.

AVG or avg.

B,b..
BV...
BVyio
BVKJR
BVKJS
bz ...

BZ...

C,c..
C{(dep)
C(dif) .
S0 0o
C

L -
C

ij"'

oj "

CIM. o o o »

c.p.s.
CRO. .

db ...
d.oc. ..

A (delta)

ABV. .

oscC *

Ampere (a.c. r.m.s, or d.c.)
Ampere (peak)

Alternating current

Ampere (a.c. r.m.s.)
Ampere (d.c.).

Acceptable quality level
Average

Base electrode

Breakdown voltage

Breakdown voltage, open circuit
Breakdown voltage, resistance return
Breakdown voltage, short circuit
Small signal breakdown impedance
Large signal breakdown impedance

Capacitance and collector electrode
Depletion layer capacitance
Diffusion capacitance

Degree Centigrade

Input capacitance

Load capacitance

Output capacitance

Centimeter

Cycle per second

Cathode-ray oscilloscope

Decibel

Direct current

A change in the value of the indicated variable
Breakdown voltage regulation

Emitter electrode

Frequency

Reference frequency

Small-Signal short-circuit forward-current transfer ratio
cutoff frequency

Power gain cutoff frequency

Maximum frequency of oscillation

Acceleration of gravity
Static transconductance
Small signal transconductance
Large signal transconductance
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HFJ .
hgy

h

A
ij
h,;
h

% 0o g

i (surge)

IKJO' . .

KJR *
IKJS .
iKJV c
KJX *
i

I ..

l'j""'

i ounn.

i (surge)

in . ...,

INV .

) S

IR . o a2 0 .
i, (surge)

Ig....

1. .

K k.
°K. .
kec. .

M Aac
M Adc

Large signal short circuit forward current transfer ratio
Static forward current transfer ratio

Small-signal short-circuit forward-current transfer ratio
Static input impedance

Small~signal short-circuit input resistance

Small-signal open-circuit output admittance

Small-signal open-circuit reverse-voltage transfer ratio

Current

Surge current

Cutoff current, open circuit
Cutoff current, resistance return
Cutoff current, short circuit
Cutoff current, reverse voltage
Cutoff current, specified condition
Intermediate frequency

Forward current, d.c.

Peak forward current

Peak forward surge current

Inch

Inverse

d.c. output current

Reverse current, d.c.

Peak reverse surge current
Saturation current

Junction and reference electrode, general

Measurement electrode, general and kilo (thousand)
Degrees kelvin
Kilocycle per second

Conversion loss (ratio of available signal power to the
available intermediate frequency power

Milliampere (peak)
Milliampere (a.c. r.m.s.).
Milliampere (d.c.).
Maximum

Megacycles per second
Million

Micro (millionth)

- Microampere (peak)

Microampere (a.c. r.m,s.)
Microampere (d.c.)
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msec ...
mVac. . o 0

P region. ...
PRE ......
Rg v+t

rb-.---.--
RE .......

Microfarad

Microhenry

Micromho

Microsecond
Micromicrofarad

Microvolt (a.c. r.m.s.)
Microvolt (d.c.)

Microwatt

Mila (thousandth)
Millimicrosecond

Millimeter

Millisecond

Millivolts {(a.c. r.m.s.).
Millivolts (d.c.)

Milliwatt (max,, ave, or r.m.s.)
Milliwatt (peak) ‘
Minimum

Noise figure

Overall noise figure (power ratio)

Output noise ratio, or noise-temperature ratio (power
ratio)

Region of semiconductor device where electrons are the
majority carriers

Ohms

Power (max., ave, or r.m.s.)

Power gain, small signal

Power gain, large signal

Average value of the power dissipation at the junction
associated with the jth electrode

Region of semiconductor where holes are the majority
carriers

Power rectification efficiency

External base resistance

Base spreading resistance

Rectification efficiency (voltage)

Real part of small signal short circuit input impedance
External collector resistance

Reference resistor for noise-ratio measurements
External emitter resistance

Radio frequency
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Tstg 00o00o0Q0
By oo v oo .

Vi coann .
Vig ceenes
VKJF ooooo .

Load resistance
Root mean square
Saturation resistance

Semiconductor device

Symbol for semiconductor diode, arrow points in forward
direction

Thermal response time

Thermal time constant

Temperature

Time

Ambient temperature

Case temperature

Temperature coefficient of breakdown voltage
Pulse delay time

Pulse fall time

Forward recovery time

Junction temperature

Absolute maximum temperature
Pulse time

Thermal resistance

Thermal resistance, junction to ambient
Thermal resistance, junction to case
Pulse rise time

Reverse recovery time

Pulse storage time

Storage temperature

Pulse average time

Voltage (max., ave. or r.m.s.)
Volt (peak)

Volt {(a.c. r.m.s.)

Base voltage (d.c.) supply
Base voltage

Collector voltage (d.c.) supply
Collector voltage

Volt (d.c.)

Emitter voltage (d.c.) supply
Emitter voltage

Forward voltage, d.c.

Input voltage, d.c.

Supply voltage, d.c.

Floating potential
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VKJ (sat). . .

Voooons
Vg - ..
Vr ..... .
VRT « v v - -
W,

w . o

X yx (INV)

rj . - .
Z(V). . . ...

Saturation voltage, d.c.
Output voltage, d.c.
Reverse voltage, d.c.
Peak inverse voltage
Voltage reach through

Watt (max., ave. or r.m.s.)
Watt (peak)

Inverse electrical characteristics

Small-signal short-circuit forward transfer admittance
Small-signal short-circuit input admittance
Small-signal short-circuit output admittance
Small-signal short circuit reverse-transfer admittance

Large signal forward impedance

Small signal forward impedance

Small-signal open-circuit forward-transfer impedance
Intermediate frequency impedance

Small-signal open-circuit input impedance
Small-signal open-circuit output impedance
Small-signal open-circuit reverse-transfer impedance
Video impedance
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PART 2
DIRECT-COUPLED AMPLIFIERS

Section 1. Design Philosophy

A. Introduction

Direct-coupled amplifiers are among the basic needs of analog com-
puters, measurement instruments, and industrial control equipment, It is
the purpose of this section to present in some detail the inherent limita-
tions imposed by the temperature dependencies of transistor and diode
parameters.

One of the major considerations of amplifiers is the minimum detect-
able signal. The ultimate limitation is determined by the random noise
behavior of the amplifier. However, in most practical amplifiers operat-
ing over a temperature range as small as ten degrees centigrade, the
minimum detectable signal is determined by drift of the quiescent oper-
ating point.

There are a number of techniques that are employed to achieve d-c
gain. Although a major emphasis of this section will be devoted to resistive
coupling of transistors, the use of choppers or modulators will be covered
also.

B. Direct~-Coupled Transistor Amplifiers (Single Unbalanced Stages)

In this section, the design of direct-coupled amplifiers that use ger-
manium or silicon transistors will be discussed. The two-diode equivalent
circuit of a p-n-p transistor is shown in Figure 2-0.,1. The diodes in the
circuit follow the exponential equation

&)
I=1g e ¥-1) 2-01
where I is the current flowing A
through the diode, I is a sat- 1e
uration current (this value is Y )
EMITTERO- le 4

highly dependent ontemperature), N N Coouecton
q is electronic charge, V is the e
voltage applied across the diode, o— BASE
K is Boltzman's constant, and T is i
absolute temperature. A typical Fig. 2-0.1 - Two diode egquivalent
characteristic for a germanium circuit of a PNP transistor
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Fig. 2-0.2 - Typical germanium
diode characteristics

diode is shown in Figure 2-0.2.
The forward bias characteristic
is temperature dependent, This
temperature variation arises
from two factors, the change in
Ioo with temperature and the
dependence of the exponential
term on absolute temperature.
The variation is most conven-
iently expressed as a change in
voltage with temperature at a
constant forward bias current.
The variation of emitter diode
voltage with temperature falls in
the range of -1.5mVde/°C to
-3.0mVdc/ °C for both germanium
and silicon transistors. The co-
efficient is slightly dependent on
diode current but for a given type
of unit the use of a constant value
is a valid approximation.

For d-c analysis, the emitter to base diode can be approximated by a
)
battery with value Vgp and a resistance r, equal to the incremental value

at the operating point.

The saturation current of the reverse characteristic is highly tem-
perature dependent. The dependence follows an exponential relation given

by

Iog = Ag exp [k (T-Tg)]

2-0.2

where Ieo is the reverse saturation current, A0 is a constant measured at
a reference temperature Ty, k is a constant and T is the diode junction

temperature in degrees centigrade. The values of A; and k will vary from
unit to unit of a given type transistor as well as with different types. Typ-

ical values of A, for germanium and silicon transistors are given in Table 1:

AO
pamps
Germanium:
low power audio 3 -20
high frequency small area units 0.1 - 1.0

Silicon - low power

< 0.01 - 0.0001




The values of k are considerably more constant than the values of Ag.
Typical values of k for germanium units are in the range of 0.08 + 0.01,
whereas the coefficient tends to be somewhat larger for silicon units. In
silicon transistors that have a very small value of Ay, it is difficult to
separate the true saturation current of the body from a surface leakage
current from the collector to the base of the transistor. Although the I,
of silicon transistors generally varies more rapidly than the I, of ger-
manium, the difference in initial values is so great that germanium units
are quite inferior from this aspect.

The forward current transfer ratio is also temperature dependent.
For germanium units the gain can either increase or decrease with tem-
perature, whereas the gain of silicon units generally increases with tem-
perature. The percentage variation in gain with temperature varies greatly
with operating point. Many units show a change in‘'sign as well as in mag-
nitude. At room temperature, gain variations of silicon units may typically
be from two to ten times larger than of germanium.

The parameters of a small signal equivalent circuit are also tempera-
ture dependent. It is usually possible to swamp out these variations by
appropriate choice of external resistors. On the other hand, the first
order effect of a variation in parameters will be a variation in gain. This
variation can be lumped into the variation of h,, with temperature and the
combined variation treated experimentally.

An equivalent circuit that represents the d.c. behavior of a p-n-p
transistor is shown in Figure 2-0.3. The use of the small signal current
gain agy rather than a total d.c. gain is an approximation that may cause
some confusion. Since the discussion that follows is concerned with incre-
mental gain at a quiescent current rather than total d.c. gain, the incre-
mental notation is justified al-
though it may be misleading.

In most amplifiers, the load e
resistance R; isvery smallcom-
pared with the collector resist- a=—
ance r_. Thus,itwill be assumed
that r_ approaches an infinite R " an=
value.

RL

—_— 0
'

1
T
g

&

-

D

From Figure 2-0.3, the emit- . .
E
ter current may be expressed as l Re 5

- Vg ~Vae Vg *Ico (Rg*1y)
E"R, tr, * Ry tro)(l-ag) 2-0.3

Fig. 2-0.3 - Equivalent circuit for
but the collector current is equal d.c. analysis of grounded emitter
to stage
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Ic = - (agy Ip + Igg) 2-0.4

Thus

‘V - Vop - ve + 1 (R, +r, +R +r)\
E E Ci b
IC :-afb E B G g £ £ £ 2-0.5

R, tr + (Rg t )1 - ag)

Thus, we see that there are several terms in the solution for the collector
current. To evaluate an amplifier design it is convenient to break the
expression into two parts, a signal term, and a drift term. The signal
term is given by

M
fb R, +r, * (Ry+rp)(1-ag)’

2-0.6

ic=ta
The drift term is best expressed in terms of a differential variation of
collector current as a function of temperature. Since there are three

major terms that vary with temperature, VI;E, Ico» and agy, a partial dif-
ferentiation of equation 2-0.5 yields

dIc = oy dvllan_a Ry dlco | Vee~Vee*TcoRr| | Rr [do 5 .7
dT = (Den) dT fb (Den) dT (Den) (Den)| dT

where (Den) = R_ + r, + (Rg+rb)(l—afb),, and Rp =R, *r_+ Rg t ry. In
equation 2-0.7, the quiescent emitter current can be recognized as

.
Veg ~ Ve *

Tco Ry 2-0.8
Den :

Ip =

Thus, the drift current may be written as

dvg dI da
BE CO _ fb
%t gT_ ~ %fb Ry dT Ig Ry dT AT 2-0.9
Re+re+(Rg+rb) (1 -ag) ’

ip=dIg =

The ratio of signal to drift current is of considerable interest, and is
given by
ic _ M
ip [dVpe z. o Ip Ry deg, - ' 2-0.10
dr = *T dT T o, dT

If we wish to determine the minimum detectable signal, the ratio of i/ip
is set equal to unity. Conversely, if the collector current is to be kept
constant, a correcting voltage (vp) may be applied to the input. From
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equation 2-0.10, it can be shown that the correcting voltage vy, required to
keep the collector current constant is

dvy dI I; Ry da
- _ | 9¥BE _ co _ ZEFT fb
vp = [ ar ~Rr—ar " e, Tar j]AT' 2=0cL0

At this stage, it is fruitful to take a typical set of transistor parameters
and evaluate the magnitudes of the three terms that appear in equation
2-0,11. The first term, dVéE/dT' has a value of approximately -2.5 mVdc/
°C for either germanium or silicon. Thus at room temperature with a
control of + 8°C, the emitter-base diode imposes a limitation of approxi-
mately +20.0 mVdc, (for emphasis +0.02 volts).

The second term is Ry dIo,/dT. If we use values of R, = 1000 chms,
Ry = 100 ohms, the value of Ry may be approximated as 2000 ohmis. If a
small-area high frequency germanium transistor is employed, the value
of Iy at room temperature can be approximately 0.25 pamp. For a #8°C
change, the variation in I, can be approximated as +0.25 pamp and
-0.125 pamp. The drift voltage from this term will be + 500 nvolts,
- 250 uvolts. Taking this same transistor to 55°C will give results of +5
mVdc and - 2.5 mVdc. The use of a transistor with a larger junction area
can easily increase the above results by one to two orders of magnitude.

- The I, of a silicon transistor can on the other hand be in the range
of 0.001 pamp to 0.0001 pamp. The equivalent drifts at room temperature
will be approximately + 2.0 pvolts to +0.2 uvolts. At 55°C the drift volt-
age may be in the range of 2 to 25 uvolts and at even 85°C the drift voltage
may be as low as 40 to 500 uvolts,

The temperature coefficient of current gain da,/dT of germanium
transistors lies in the range of - 0.003/°C to +0.005/°C. The drift voltage
caused by this parameter is

I. R. da
E T fb
vp = aT AT . 2-0.12

b

If Ry = 2000 ohms, da /dT = +0.005/°C AT = % 8°C, the drift voltage
becomes

vp = (80) (Ip). 2-0.13

Since the value of Ry = 2000 ohms may be valid for a quiescent current
greater than 200 pamps, the smallest value of v, becomes * 16 mVdc.
The variation in gain for silicon transistors can be anywhere in the range
of +0.0002/°C to 0.005/°C. For a 2N338, a high gain silicon transistor,
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a typical value might be +0.0004/°C. Thus, drift voltages due to gain
variations for the silicon transistor over a + 8°C range may be % 1.3 mVdec.

The drift voltage caused by gain variations with temperature are a
direct function of the quiescent emitter current. However, as the emitter
current is reduced, the incremental resistance r, increases. An order of
magnitude limit may be obtained for the drift voltage at very small values
of Ip by letting the resistors Rg, r,,» and R, be small compared with T
The incremental resistance r, is approximated by

_ 0.027 (volts) 2-0.14
€ Ip (amps)
thus the lower limit of drift term due to da¢, /dT can be approximated by

da.fb

2-0,15
aT AT.

vp 2 0.027

For a temperature coefficient of gain equal to 0.0004/°C the smallest drift
voltage from this cause would be in excess of 10 pvolts/ °C.

The above discussion can be summarized in the following manner.
First, the use of germanium transistors must be restricted to those units
that have an I, less than 5.0 pamps for room temperature operation, and
less than 1.0 pamps for operation at elevated temperature. Second, the
variation in voltage of the emitter to base diode is of major importance.
In a single unbalanced unit the drift voltage is limited to - 2.5 mVde/ °C.
This limit is unaffected by the external parameters and varies only with
the transistor used and to a lesser extent with the quiescent current.
Third, the drift voltage caused by gain variation is a direct function of
emitter current. For best results the current should be made as small
as possible. Transistors with constant gain should be selected. Four, at
elevated temperatures silicon transistors are superior but at room tem-
perature, germanium units may yield better results since the gain varia-
tion with temperature is smaller,

C. Balanced Configurations

The major portion of the drift voltage was shown to be the variation of
the emitter to base voltage. The emitter diode characteristic is quite uni-
form from one transistor to another. With virtually no selection, it is pos-
sible to obtain two units that have temperature dependent variations that
track each other within better than 10%. Furthermore, it is possible to
select units that track each other within 1% and with extreme care over a
small temperature range to less than 0.25% or 1 part in 400 parts. For
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eneral discussion, we will employ a balancing of units to 4% of the normal
variation. Thus, with two balanced units the emitter voltage variation can

e reduced to £ 100 puvolts/°C. Two circuits that accomplish this reduction

re shown in Figures 2-0.4 and 2-0.5. In Figure 2-0.4, the balancing action
is obtained by the use of a diode in series with the emitter of the transistor.
The diode is polarized to balance out the variations of the emitter to base
voltage. The resistance R; should be large to simulate a current source,.

Qy —0
Rg z} *Vee
+ RL
Q Q2 3
¥ |
“ R R3 0 Ry Rg
.l - + Rz
& =Yee =Y
& T I = .
= 4 g % Ry l
Fig. 2-0.4 - Balanced circuit with ‘lg- -3
an auxiliary diode =

]
~Vee
Fig. 2-0.5 - Circuit for balancing

The potentiometer R, can be em- the variation in emitter-base voltage

ployed to achieve a fine control

on the balancing action. The cir-

cuit of Figure 2-0.5 is similar in action, except that a second transistor is
employed. The circuit is a single-ended amplifier and balances out only
the emitter to base voltage of Q;. The two transistors should be of simi-
lar type. With either of these circuits, the order of magnitude of the drift
voltage is approximately + 100 uVde/°C caused by the variation of VEIBE'
With low values of emitter current (approximately 50 pamp) the drift volt-
age due to the variation of a;, is approximately 30 uVdc/°C to 300 uvde/
°C. Neither of the circuits shown in Figures 2-0.4 and 2-0.5 are balanced
for power supply variations or for gain variations. If the drift level is
reduced to the range of 100 microvolts at the input, the stability of the
collector supply may require some care. If the stage gain is 10, then a
power supply stability better than 1 mVdc is required. Before proceeding
to more thoroughly balanced circuits, a discussion of minimum detectable
signal power is in order.

Up to this point, the criterion established for design evaluatior: has
been a signal to drift ratio or drift voltage at the input. The equations that
were developed included the generator resistance. Thus, it is possible to
consider a minimization technique of drift power taken from the source.

If the I, of the transistor can be neglected, then the drift voltage referred
to the input is from equation 2-0.10
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tAV! da
~ BE fb .
vp = |:—dT - Ig Ry T ]AT 2-0.16

where AVIIBE indicates the unbalance voltage of a balanced circuit. The incre-
mental input resistance is

+
re Re

Rin=rp * T-ag" 2-0.17

The total drift power taken from the source is then

+ AV, da ]2
BE fb
_[ ar "I (Rg*ry *R.*r) dT] (1-2¢)  2.0.18

P, .. =
drift (Rg+rb)(l_afb) tr, tR,

It is obvious that there is a possibility of equating the numerator to zero
if the signs of the two terms are dissimilar. It can also be shown that
there is a minimum value of drift power if the signs of the two terms are
similar. In either case, the resulting optimum value of the resistance R,
(or R,) will be dependent on the differential drift voltage AVBE In any case,
the drift power can be reduced by the use of a high gain transistor. This
aspect will not be pursued further except to emphasize that the optimum
value of R_ can be finite and of large value.

D. Balanced Difference Amplifiers

The two previous circuits afforded a first order balance for emitter
diode variations. By the use of a difference amplifier technique, reduction
of the drift that is caused by
vatiations in gain, I.,, and power
supply can be achieved. A cir-
cuit diagram is shown in Figure
2-0.6. The expression for drift

*Vec voltage referred to the input can
RLy R 2 be shown to be similar to equa-
tion 2-0.11, except that in each
o [ o term that is variable with tem-
Ry perature the difference between
I t the parameter variations of the
o & Yoz two transistors appears. This
l circuit is an excellent circuit for
° ! I —° a low level input stage. To re-
~Vee duce common mode effects, the
Fig. 2-0.6 - Balanced difference resistor R; should be very large.
amplifier In some designs the resistor R,
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nd battery V; are replaced by a transistor bia;ed to provide a constant
urrent. Amplifiers of this type have been designed to yield a drift voltage
f less than 10 uvolts/°C over a small temperature range and less than
everal millivolts over a temperature range of 50°C., The minimum detect-
ble signal power of a well designed differential amplifier can be as low

s 10-14 watts/°C.

The drift of second or third stages that follow an output stage is usu-
ally not difficult to reduce. The importance of second stage drift is re-
duced by the gain of the first stage. Since the quiescent bias current of
the second stage must be larger than the first, the gain dependent drift
can be the determining factor. However, a careful choice of bias currents
and gain can be employed to effect a cancellation of drift in the first and
second stages.

E. Modulators

The design of low level d.c. amplifiers requires extreme care and
careful selection of transistors. With very good design, the minimum
detectable signal power approaches 10-1% to 10-15 watts/°C. The thermal
noise power in a 1000 c.p.s. bandwidth at room temperature is approxi-
mately 2 x 10-17 watts, The noise figure of the transistor will limit the
minimum detectable power to a value greater than 2 x 10-17 watts. The
use of a modulator to convert the d.c. signal to an a.c. signal is an alter-
native technique that may in the future produce results superior to direct
coupling.

There are a large number of converters that can be employed. First,
a mechanical chopper with conventional techniques can yield a noise or
drift voltage of the order of 10 to 100 microvolts over a very wide tem-
perature range into a high impedance. In many applications, the finite life
of a chopper with mechanically moving parts proves a great, if not impos-
sible, disadvantage. Magnetic converters that function on a second har-
monic principle can provide minimumn detectable signals of 10-% amp with
an input impedance of 1000 ohms. The disadvantage of this modulator is
its size, the power required to operate it, and its large volume in compari-
son with transistors. In both of the previous types, the '"chopping' or
modulating frequency is restricted to 1000 c.p.s. or less. Thus, only nar-
row bandwidth amplifiers can be obtained by use of a modulate-demodulate
technique.

A single transistor can be enlxployed as a switching device to convert
low-level d.c. signals to an a.c. waveform. A simplified circuit is shown
in Figure 2-0.7 and the operating characteristics in Figure 2-0.8. If the
voltage applied to the base is negative, both the emitter and. collector
diodes are shorted and the output voltage becomes approximately V, of
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|L A o 1
1 Ry T A N
INPUT " R Yo A -
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Fig. 2-0.7 - Transistor chopper B8

Fig. 2-0.8 - Operating characteristic
R a Q of a transistor chopper

O
oUTPUT
n.C
INPUT o L

Figure 2-0.8. If the base voltage
is positive, the diodes are open

émﬂ * circuited. The resistance of the
iNPUT switch from point A to ground is

Fig. 2-0.9 - Balanced transistor in the megohm region and the
chopper signal applied at the input is not

attenuated. If no voltage is ap-

plied at the input the voltage at
point A during the high impedance portion of the cycle is approximately
-I, (RgRL/RgRL). Typical values of the coordinates of the point B are
V; =1mVdc I, <1 pamp. The variation of the coordinates of this point
with temperature are small. For silicon transistors I, may be less than
1l microamp at temperatures as high as 125°C. Some of the temperature
dependent drift of the voltage V, may be greatly reduced by the use of two
transistors as shown in Figure 2-0.9. The coordinate values of matched
silicon units remain between + 0.2 mVdc and % 0.2 microamp over a very
wide temperature range. Undesired drifts due to the current I, can be
minimized by keeping either R, or R; a small value. For very small sig-
nals the switching transients may limit the minimum detectable signal.

There are now commercially available silicon transistor choppers
that have an equivalent drift voltage at the input of less than * 200 xVdc
over a temperature range of - 55°C to + 135°C. The input impedance can
be made very high with some degradation of drift but the generator resist-
ance must be kept low. A minimum detectable signal power less than 10-15
watts/ °C can be achieved. The conversion power gain of a resistance
chopper must be less than unity. Thus the chopped signal must be effi-
ciently matched to the a-c amplifier that follows the chopper.
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Another type of semiconductor modulator employs the voltage sensi-
tive capacitance of silicon junction diodes. This modulator is essentially
a parametric amplifier. The modulator can provide power gain. Reason-
ably low drift voltage can be achieved over small temperature ranges. The

asic operation is illustrated in Figure 2-0.10, If the capacitors are volt-
age sensitive and have the form

Cy =C, tKf(v) 2-0.19

Ry

the magnitude of the output volt-
age can be shown to be propor- gl El
tional to the product of the mag-
nitude of the carrier signal times
the d.c. input signal. To achieve
a balance with zero d.c. signal
applied, the capacitors must be
equal or the voltage applied to the
capacitors varied. To maintain
a balance with temperature, the
diode characteristics must be
identical. In practical circuits,
silicon junction capacitors have been employed in a bridge circuit. The
drift voltage of the modulator is limited by a balance of the contact poten-
tials of the two diodes. Since the temperature coefficient of contact poten-
tial is approximately -1 mVdc/°C for heavily doped materials, the diodes
must be carefully selected to reduce drift.

D C
INPUT

v SiNwt vp SIN (wt +180°)

o 0O

Fig. 2-0.10 - Capacitance modulator
for low-level d.c. conversion

Conversion gain can be maximized by conjugate matching the load
resistance R} to the output impedance of the bridge.
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CIRCUIT 2-1
DIFFERENCE AMPLIFIER

Transistor Applications, Inc.

One of the most commonly used techniques for balancing the tempera-
ture dependent drifts of resistively-coupled transistor amplifiers employs
the emitter-coupled difference amplifier. This class of amplifier originates
with D, W. Slauthter of California Institute of Technology, and has been ad-
ditionally developed by Transitron Corporation and Texas Instruments Cor-
poration. A circuit similar to Slaughter's original work is shown in Circuit
2-1. Special attention has been focused on the selection of operating points
of the transistors. As described in the design philosophy, the first stage
of the transistor amplifier should be operated at a very low collector cur-
rent, and the emitter to base voltage variation must be balanced out. The
objective of this circuit design is to obtain low drift rates without extreme
selection of transistors and also without the use of a temperature-dependent
balance. Accordingly the only selection that is made is the matching of
transistors very carefully for gain at the proper operating current. In Cir-
cuit 2-1, the operating currents are as follows: collector current of the
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Circuit 2-1 - Difference amplifier
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Circuit 2-1, Difference Amplifier (cont'd.)

first pair approximately 20 pamps per unit, collector current of second
pair approximately 350 pamps. The gain selection can be easily and
quickly made with a transistor plotter. The transistors are selected for
current gain of the grounded emitter connection (agg) into groups with a
tolerance of + 5%. The highest gain units are employed in the first stage.
Approximately 25% of the 2N335 transistors had a current gain in excess
of 20 at an emitter current of 20 pamps.

The difference amplifier pair affords a reduction in variations caused
by emitter to base voltage, saturation current, temperature dependence of
the current gain, and power supply variations. Since considerable attention
has been given to common mode rejection in the existing literature, this
discussion will be confined to the operation of the unit and the results
achieved.

The potentiometer R, is employed for a zero adjustment of the output
voltage at point #1. The diode CR, may require selection or a change to a
unit with a different breakdown voltage if the gain selection yields results
significantly different from those described. If the amplifier is operated
with a single-ended input the drift voltage for an average pair of units is
+ 120 pvolts/°C. This change is quite linear and will hold with reasonable
accuracy over a temperature range from 10°C to 65°C. At temperatures
above 65°C, the drift departs from a linear variation. This is due in part
to the variation of the saturation current with temperature. Since the units
were not selected for equal saturation currents at an elevated temperature,
the balancing action is not necessarily obtained. Depending on which
transistor has the larger saturation current the variation in drift slope
can either increase or decrease.

At a bias current of 20 pamps, the incremental input impedance of’the
pair is approximately 70,000 ohms. Thus the minimum detectable signal
power of a typical pair is approximately 2 x 10-13 watts/°C. The spread
of values for different pairs places drift signals in the range of 40 wVdc/
°C to 600 uVdc/°C. The corresponding minimum detectable power levels
are 2 x 10-14 watts/°C to 5 x 10-12 watts/°C.

At this point it is worthwhile to point out one very fundamental prac-
tical construction technique. The variation of emitter to base voltage is
approximately 2.5 mVdc/°C. The resulting drift of the current pair shown
in Figure 2-1, which did not require an excessively difficult selection of
transistors is 0.120 mVdc/°C. This is an effective reduction of 20:1. Thus
a differential temperature drift of the two units of 0.05°C can result in an
error as large as the unbalance. It is therefore of utmost concern to op-
erate the transistors at the same temperature within very close tolerances.
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Circuit 2-1, Difference Amplifier (cont'd.)

The transistors should therefore be mounted in close proximity to each
other in a material of high heat conductivity. To avoid transients caused
by sudden changes in temperature, the amplifier should be packaged in a
manner that produces a unit with high heat capacity.

38




CIRCUIT 2-2
COMPENSATED D.C. AMPLIFIER (TEMPERATURE ADJUSTED)

General Electric Company Contributed by J. W. Stanton

Circuit 2-2 employs germanium transistors where the major temper-
ature dependence arises from the saturation currents of the units. Tran-
sistors Q; and Qg form a forward gain amplifier whereas the third unit Q,
is employed for temperature compensation. Transistors Q, and Qj are
operated in a straight grounded emitter connection. The current gain of
the two-stage amplifier is limited by the resistors R, and R, to the approxi-
mate value or Rg/R,, which in this case is approximately 100. Transistor
Q, is operated in a grounded emitter connection (with feedback) at essen-
tially a low current level that is determined by the saturation current of
the transistor. To achieve temperature compensation, the saturation cur-
rent ICO, must be large compared with Icol. Introduction of the
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Circuit 2-2 - Compensated d.c. amplifier
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Circuit 2-2, Compensated D.C. Amplifier (Temperature Adjusted) (cont'd.)

compensating current into the base of transistor Q, results in the maximum
degree of compensation. Potentiometer R, is adjusted as a function of
temperature to maintain a minimum drift.

A high degree of stability is difficult to achieve with this circuit. Since
the saturation currents vary exponentially with temperature, and the sat-
uration currents are not small in value, it is difficult to maintain a zero
balance over a wide temperature range. Over a temperature range from
20°C to 60°C it is possible to achieve temperature drifts as low as 0.5 x
10-8 amps at the input. The drift, however, can be as large as 5 x 10-6
amps. With the better degree of balance the minimum detectable signal
power is approximately 3 x 10" % watts. Since the drift current is not
linear with temperature, it is not possible to specify a temperature gra-
dient of the drift signal. However, the major portion of the drift occurs
at temperatures above 45°C,
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CIRCUIT 2-3

LOW DRIFT HIGH IMPEDANCE
STRAIGHT D.C. CURRENT AMPLIFIER

Transitron Electronic Corporation Contributed by Nicholas DeWolf
and John Warren

Circuit 2-3 is designed to amplify very low currents, not exceeding
50 millimicroamperes (0.05 pAdc), from high impedance sources, prefer-
ably at least 10 megohms. The amplifier is of the "'straight'' d.c. type,
and has a current gain somewhat over 60 db. This is a temperature ad-
justed type amplifier.

The circuit consists of two direct-coupled grounded emitter stages,
Q;, Q,- The input transistor is a special type designed to operate at ex-
tremely low currents. At these low operating levels, the absolute changes
will be small for typical changes in transistor parameters with time or
with varying temperature.
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Circuit 2-3 - Low drift, high impedance,
d.c. current amplifier transitron
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Circuit 2-3, Low Drift Straight D.C. Current Amplifier (cont'd.)

Temperature coefficients of transistor d.c. current gains, defined in
such a way as to include I5 variations, must be taken into account. In a
current amplifier, these coefficients affect the overall performance more
than the base-to-emitter voltage temperature coefficients conventionally
considered. Relatively simple circuitry has been evolved, in which careful
selection of circuit elements permits a close approach to the cancellation
of all temperature coefficients present.

The base bias current of Q, is very little dependent upon temperature,
being derived through a high resistance from a relatively high voltage.
Any increase in ambient temperature causes an increase in the collector
current of Q,, due to the temperature coefficient of the d.c. current trans-
fer ratio. This collector current Icl, and the base current of Q,, IB2, are
drawn from another current source, composed of the high resistance in
the collector circuit and the high supply voltage. Accordingly, if the col-
lector current increases, the following base current must decrease by
approximately the same amount. The bias conditions are arranged so that
this decrease in Ip,, and the increase in the d.c. current transfer ratio of
Q,, result in as little change as possible in the collector current, IC2, of
that transistor. This same process tends to eliminate variations in the
very small I, of the first stage.

Knowing the parameters of the two transistors, it is possible to cal-
culate the value of Ig_ for a given value of Ic,, which will result in opti-
mum temperature sta%ility. In practice, however, the proper operating
points are determined experimentally.

Diode CR, has a negative voltage temperature coefficient which is
slightly less than the base-emitter temperature coefficient of Q,, average
values for the diode and transistor employed being - 1.9 mVdc/ °C and
- 2.3 mVdc/°C respectively. When a temperature change occurs the net
difference in the changes of the diode voltage and Vgg will result in a small
negative increment on the input base., However this slight deviation of IBl
from the assumed constant current supply is automatically taken into
account in any experimental adjustment of the amplifier.

For this adjustment, resistor R, should be set so that the collector
current in the first stage is 5 microamperes. The value of R, should be
set for minimum drift with any given pair of transistors if optimum per-
formance is required.

The circuit is designed to operate from 25° to 65°C ambient, and over
this range input drifts as low as 0.1 millimicroamperes/*C (0.0001 pAdc)
and 1.0 millimicroampere per day may be achieved. If even smaller drifts
are required, the designer has recourse to oven operation.
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Circuit 2-3, Low Drift Straight D.C. Current Amplifier (cont'd.)

One limitation occurring in amplifiers of this type is the restriction
of frequency range because of the high impedance levels; the combination
of these with typical collector capacitances may be enough to reduce cut-
off frequency to the order of 1 kc in extreme cases.

The minimum detectable signal power of this circuit is approximately
10~ 13 watts/°C for the recommended generator resistance.

43




CIRCUIT 2-4

BALANCED CIRCUIT WITH INDEPENDENT ZERO SET AND
TEMPERATURE BALANCE ADJUSTMENTS

Hermes Electronic Company Contributed by C. R. Hurtig

In many circuits, such as the balanced difference amplifiers, the
resulting temperature dependent drift signal is a linear function of tem-
perature. This fact arises from the difference in the temperature coef-
ficients of the emitter to base voltages of the transistor pairs. To achieve
improved performance, the transistors may be selected for '"matched"
temperature coefficients or a temperature dependent balance. The first
technique is limited by either cost or the inability to perfectly match tran-
sistors. Thus, temperature dependent balances are quite often employed
to reduce costs or to improve performance. Two techniques of accom-
plishing a temperature dependent balance have been shown in Circuits 2-2
and 2-3. Another means of accomplishing a temperature dependent balance
is shown in Figure 2-4.2. Basically the circuit of Figure 2-4.2 is a
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Circuit 2-4 - Balanced circuit with "independent'' zero set
and temperature balance adjustments
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Circuit 2-4, Balanced Circuit with Independent Zero Set and
Temperature Balance Adjustments (cont'd.)

difference amplifier with the addition of a transistor Q4 that acts as a cur-
rent source. The resistance R,, moreover, is a temperature sensitive
component such as a Texas Instrument sensitor. This type of resistor
provides a temperature coefficient of resistance that has a value of
+0.7%/ °C over a wide temperature range. Over a 15°C temperature
range the change in resistance approaches a linear change with tempera-
ture. The output current of transistor Q; can be designed to vary approxi-
mately as a linear function of temperature. As temperature increases,
the value of R, increases and causes the current Q5 to decrease. If the
arm of potentiometer R, is centered and the transistor Q; and Q, are
matched units, the differential output voltage will not be influenced by the
variation in I4;. Depending on the position of the arm of potentiometer R,
the output voltage can be made to increase or decrease with temperature.
Proper adjustment can result in a high degree of stability of the output
voltage. With the use of an auxiliary balance and matched units, an
equivalent input drift voltage as low as * 6 uvolts/ °C have been achieved.
The drift power can be as low as 5 x 10°15 watts/°C.

In Circuits 2-2, 2-3 and 2-4, temperature dependent adjustments are
made. In all of these circuits, the adjustment employed to compensate for
drift unfortunately also varies the quiescent operating point (the zero ad-
justment) of the amplifier. Thus to achieve a low value of drift signals
several temperature cycles must be made. Two circuits will be presented
which are designed to afford an independence of the temperature balance
and zero set adjustments. Although these circuits are not perfect, a first
order of magnitude of independent adjustments can be achieved.

The first circuit, as shown in Figure 2-4.2, employs a thermistor
bridge in conjunction with a single-ended amplifier. The first stage of the
amplifier employs two transistors in a differential balancing circuit. The
base lead of the balancing transistor is connected to the thermistor bridge.

The thermistor characteristic is shown in Figure 2-4.1. The resist-
ance is a highly nonlinear function of temperature. However, the combina-
tion of a thermistor and resistor results in a ratio that is a close approxi-
mation to a linear'function of temperature. Over a + 10°C range the
departure of the ratio Ry/(R; +100) from a linear function is less than 10%.

The thermistor bridge of Circuit 2-4 is arranged so that points A and
B are at zero potential. The voltage at point A increases with temperature
‘at a rate of + 0.7 mVdc/ °C, whereas the potential at point B decreases at
a rate of ~ 0.7 mVdc/°C. If the potentiometer R, is set at its mid point,
the voltage applied to the base of Q,is constant with temperature. At either
extreme of the potentiometer, the temperature correcting voltage has a
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Circuit 2-4; Balanced Circuit with Independent Zero Set and
Temperature Balance Adjustments {cont'd.)
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magnitude of * 230 uvolts/ °C. The adjustments required are as follows:
Ry corrects for unequal gain of the transistors; R, provides a zero set
adjustment; R, provides equalization of the voltages applied to the bridge;
R, balances the bridge.

Over a limited temperature range * 10°C it is possible to obtain an
equivalent input drift voltage less than * 20 uVdc/°C. With carefully
matched components and extreme care in the thermal mounting of the
transistors and thermistor bridge, drift signals of £ 10 xVdc/*C can be
realized. The corresponding drift power is less than 10°!5 watts/°C. The
drift resulting from power supply variation is not negligible. A 1.0 mVdc
differential unbalance of the + 22 volt and - 22 volt supplies will create an
error signal at the base of Q, of approximately 1 uvolt.

A similar technique can be designed using forward biased junction
diodes to obtain a correcting signal that is linear over a wide temperature
range. However, the sensitivity to power supply variations is increased
by a factor of 20.

Slightly improved results can be obtained by placing a bridge incor-
porating breakdown diodes in the emitter circuit of the first pair.
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CIRCUIT 2-5
SILICON DIODE RING MODULATOR

Defense Research Board, Telecommuni- Contributed by N. F. Moody

cations Establishment, Ottawa, Canada

This circuit represents a large variety of modulator circuits. Rather
than employ a resistively coupled amplifier it is possible to modulate the
low-level d.c. signal, amplify the modulated signal, and then demodulate
to obtain the d.c. signal at high level. The diode bridge of Circuit 2-5 em-
ploys silicon diodes and has a stability of 108 amp at room temperature.

The modulator is a conventional diode bridge. The carrier signal is
applied by a balanced transformer and the output is fed from a balanced
transformer. The center tap of the transformer is critical to successful
operation. The silicon junction diodes require matched forward charac-
teristics and a reverse current smaller than 108 amp. The output wave-
form is basically a square wave filtered by the output transformer. The
amplitude of the output signal is proportional to the magnitude of the d.c.
signal. The phase of the output signal with respect to the carrier signal
is proportional to the sign of the d.c. signal.

The input impedance of the modulator to signal current is approxi-
mately 70,000. The minimum detectable current is 10°8 amp at room
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Circuit 2-5 - Diode ring modulator

L7




Circuit 2-5, Silicon Diode Ring Modulator (cont'd.)

temperature corresponding to approximately 10-1% watts. The drift cur-
rent is approximately 10°7 amp for a temperature range from 25°C to
80°C. The drift signal is an exponential function since the saturation cur-
rent of the diodes is the limiting factor,

There are many other types of modulator circuits. In particular the
second harmonic magnetic converter provides very low values of drift

signals.

(From the article "A Silicon Junction Diode Modulator,! Electronic Eng.,
28, 94-100, March 1956, by N. F. Moody)
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CIRCUIT 2-6
SEMICONDUCTOR-CAPACITOR CHOPPER

Hermes Electronic Company Contributed by C. R. Hurtig

Circuit 2-6 is an experimental balanced modulator that is useful for
converting very low-level d.c. signals to a.c. signals. The circuit consists
of an RC bridge as shown in simplified form in Figure 2-6.1. The capaci-
tors are zero-biased silicon junction diodes. The transition capacitance
of the diodes employed is an inverse square-root function of the sum of the
applied modulating voltage and the contact potential of the diodes. The
bridge is balanced under the condition
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Circuit 2-6 - Semiconductor-capacitor chopper
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Circuit 2-6, Semiconductor-Capacitor Chopper {(cont'd.)

The application of a small d.c. voltage at the modulation terminals
causes the capacitance of the forward-biased diode to increase and of the
reverse-biased diode to decrease. The bridge is, therefore, unbalanced
and a signal at the carrier frequency is developed across the output ter-
minals. The phase of the output signal varies by 180° as a function of the
polarity of the modulation signal. The output impedance of the bridge at
the carrier frequency is approximately

7 =F1Re G170, 2-6.2
out Ry +Ry jwCCy’ '

For maximum gain the load impedance is conjugate-matched to this
output impedance.

The modulation power required to vary the capacitance of the diodes
is extremely small since the leakage resistance is very high. The side-
band power developed across the load resistance can be correspondingly
large. It can be shown that the power gain and operating gain of the bridge
under small signal operation and with a conjugate match at the output are

2

v R; R,

Power gain = (ﬁ) —b o 2-6.3
c/ (R, +Rp)2

2-6.4

Op q o (vc >2 RL Rg (Rin)2
erating gain = (a7
4VC (RL +Rp)2 R, t Rg

where v_ is the sum of rms voltage across the secondary of the coupling

transformer, V. is the contact potential of the silicon diodes. R, is the

input resistance to the modulating signal, R, is the generator resistance,
R, is the load resistance and R
is the real part of the output re-

sistance of the bridge at the car-
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Circuit 2-6, Semiconductor-Capacitor Chopper {cont'd.)

The temperature dependence of the bridge balance is to a major
degree dependent on the temperature dependence of the diode capacitance,.
In general, the temperature dependence is determined almost entirely by
the variation of the internal contact potential of the diode with temperature.
The temperature coefficient of the transition capacitances of the diodes
used is approximately 650 x 10"%/°C at zero bias. The reverse break-
down voltage of the diodes is approximately 4.0 volts. With some selection
of diodes the effective drift voltage referred to the input is approximately
5 x 10°% volts/°C. With this order of magnitude of temperature stability,
the short time limitation on the minimum input signal is caused by a mod-
ulation of the diode capacitance by thermal noise and residual carrier
present at the input. Noise figure can be defined as the ratio of total noise
at the carrier frequency at the output to the noise at the output caused by
modulation of the capacitors. It has been possible to achieve noise figures
as low as 10 db.

The diodes were first chosen for equal breakdown voltage and then in
addition for optimum temperature performance. Since the input impedance
is greater than 105 ohms the minimum detectable signal power is less than
5 x 10718 watts/°C. Thus the device is limited in the practical case by
thermal and shot noise.
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CIRCUIT 2-7
HIGH VOLTAGE DIRECT-COUPLED AMPLIFIER

Philco Corporation Contributed by J. B. Angell

The high voltage, temperature uncompensated, direct-coupled ampli-
fier shown in Circuit 2-7 may be used effectively where large voltage
swings are desired.

The arrangement of Q;, Q,, Q3, and Q4 permits the supply of voltage,
Veoes of - 100 volts to be divided among the transistors, such that the col-
lector voltage of each is within the rated value of - 30V for the type 2N384
transistor. Since a single transistor does not permit a voltage swing in
excess of its rated maximum collector voltage, the high instantaneous out-
put voltage across R, must be, and is, shared at all times by the transistors
connected in series. The transistors used do not have to be matched for
identical characteristics and any number, in addition to the input tran-
sistor, may be used.

The voltage swing for each transistor appears across the 18K resistor
connected in the respective base circuit, and the overall voltage swing ap-
pearing across the load resistor R; is the sum of the voltage swings of the
individual stages.

The current gain of the overall amplifier is that of the input stage Q;,
where the connection can be either grounded-base or grounded-emitter.
When large current gains are desired, the grounded-emitter connection,
as shown, should be used.
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AAA AAA AAA — o
18K 18K 18K
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0K
Q Q Q
[ 2 Q3 4 ~Vee
INPUT 100V
2N384 ’RI 2N384 2N384 2N384
I8K

Circuit 2-7 -~ High voltage direct-coupled amplifier
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PART 3
LOW-FREQUENCY AMPLIFIERS

Section 1. Design Philosophy

Transistors find wide applications in low frequency operations
because of their high efficiency, freedom from microphonics, small size,
and circuit economy achieved with the use of complementary transistors.
However, there are many problems associated with the operation of tran-
sistors as low frequency amplifiers.

For efficient operation, it is desirable to alternately swing the tran-
sistor down to a very low voltage and high current level or high voltage,
low current level. On the other hand, at a low current level there may be
distortion due to the increased input resistance. At high currents, there
may be distortion due to the fall off in current amplification. The proper
choice of operating point will affect the distortion considerably. Linear
operation of course depends on low distortion, and this will be an impor-
tant consideration in the amplifier design.

Negative feedback can be used to reduce distortion, and the choice of
shunt or series negative feedback depends on the source impedance and
the nature of the distortion.

In all amplifiers, it is important to stabilize the operating current
against temperature variations, since distortion, dissipation, gain-and
many other characteristics are related to the temperature variation. The
technique of stabilization depends on whether the stage is direct coupled,
RC or transformer coupled, and whether it is a low level or high power
stage.

In high powér stages, high temperature may be created by the internal
dissipation of the transistor. This may not only deteriorate the perform-
ance, but also cause the transistor to run away due to thermal instability.
Thermal stability requires good circuit design, as well as good thermal
design, and a knowledge of proper heat sink design and derating techniques.

A good circuit design should have provision for the interchangeability
of transistors. Generally transistors of same type may vary widely in
current gain, reverse current and input resistance. Since transistor cir-
cuits with good temperature stability are well guarded against any varia-
tions in these respects, such circuits also provide good interchangeability
of transistors.
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In low-level input stages, the noise may pose a problem. The oper-
ating current and voltage should be chosen to be low enough to yield low
noise. However, the choice of operating point should be compromised with
consideration of distortion, gain ard input impedance.

Transistor RC-coupled or direct-coupled amplifiers are essentially
current amplifiers. The high output impedance is connected to the low
input impedance of the following stage. For current amplifiers, the input
should be fed to the base. The output may be taken from either the col-
lector or the emitter. The selection depends on the input impedance
desired, and whether the following transistor is complementary or not.

For maximum transfer of energy, transformer coupling may be used
to match the high output impedance to the low input impedance of the fol-
lowing stage. Transformers may also be used to transform the high
impedance of a generator to a lower value for low noise operation. In
general, the use of a transformer often results in the reduction of the
number of stages. On the other hand, transformers impose problems
which do not exist in RC-coupled amplifiers. For example, in the Class B
amplifier the leakage inductance in the transformer causes transients
during the switching off period of a transistor which create an undesirable
cross-over distortion. In addition, transformers introduce phase shift
which limits the amount of negative feedback which may be applied.

High efficiency is an important consideration in the power stages.
Class B amplifiers have higher efficiency than Class A amplifiers; i.e.,
lower dissipation for the same power output than Class A amplifiers but
they have lower power gain. Transistor amplifiers can approach the
theoretical efficiency of Class B operation of 78%, and that of Class A
operation of 50%.

Before the description of the selected circuits, the considerations
just enumerated shall be treated individually to provide a better background
and understanding of the selected circuits. The basic configurations for
different functions will also be shown.

A. Transistor Characteristics

1. Input Characteristics

The input characteristics of transistors are sensitive to the oper-
ating current and temperature.

The input characteristics of a transistor in the common-emitter con-
figuration are shown in Figure 3-0.1. The inverse slope of the characteristic
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curve is the input - resistance of the transistor. Note that at low currents,
the input resistance is higher than at higher currents and the character-
istics are less linear. The a.c. input resistance r;, is approximately

T, = ry’ t25/14 3-0.1
where r,’' is the base spreading resistance and Iy is the d.c. base current
in mAdc. In the region where 25/I5 >> r.’, the characteristic is nonlinear
and inversely proportional to the d.c. base current. As current is
increased, r,,’ becomes greater than 25/Ij and the characteristic becomes
more linear.

The input characteristic curves move toward the left as the tempera-
ture is increased with a rate that is approximately 2 mVdc/°C. Whereas
the d.c. characteristics are quite sensitive to temperature, the incre-
mental or a.c. characteristics are not sensitive to temperature as long as
the d.c. operating current remains the same.

2. Transfer Characteristics

The output current vs. input voltage characteristics are similar to
the input characteristics as shown in Figure 3-0.2. The output current is
equal to the current amplification factor, a¢_, times the input current.
The temperature effect is also similar to that of the input characteristics.

The current amplification characteristics are shown in Figure 3-0.3.
Note that as the d.c. emitter current is increased, the current amplification

factor first increases, reaches a maximum, and then decreases.

3. Output Characteristics

The output characteristics
of a transistor are shown in Figure
3-0.4. There are three regions
50°C 25°C o°C

50°C 25°c  0°C Ic T
Av
—— Ay o
AT Ic~Z 2mv/°C
Ig T
Vee VBE
Fig. 3-0.1 - Input characteristics Fig.3-0.2- Transfer characteristics
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of interest. In the active region, the collector current is essentially pro-
portional to the base current, but does not vary appreciably with collector
voltage. The output voltage is therefore very high. In the saturation
region, the voltage is very low, usually only a fraction of a volt, and the
collector current does not increase with increasing base current after the
base current reaches a certain value. In the breakdown region, the col-
lector current rises rapidly with voltage and it is no longer controllable
by the base current.

As the temperature is increased the curves move upward by an
amount equal to the increase of cutoff current I g, Icpg is equal to
a¢e Icggs where Ipg is the collector base reverse current with the emit-
ter open-circuited. This current is very sensitive to temperature and
varies almost exponentially, as
shown in Figure 3-0.5 increasing at
a rate of 8 to 10 per cent per degree
/ centigrade.

T T

4. Equivalent Circuit

l An approximate low-frequency
a-c equivalent circuit is shown in
Figure 3-0.6. As mentioned pre-
viously, the input resistance is
represented by a base spreading
resistance ry’' in series with the

NORMALIZED SATURATION CURRENT

001 reflected emitter resistance ry /.

-40 -20

Fig. 3-0.5 - Saturation current vs

te

o 20 40 €0
TEMPERATURE (°C)

mperature
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which is equal to 25/Ig or 25a. /I,
where I is the d-c emitter current
in ma. The output circuit is



. iy

bo B ey g ¢ bo N a c
25 Treip Leve et 2 afe lp!
"ie® TomA) =3 be T, (mA)
(e, = 2 —0 to— ¢ o
Fig. 3-0.6 - Common emitter low Fig. 3-0.7 - High frequency
frequency equivalent circuit equivalent circuit

represented by a current generator, generating a¢. times the current
flowing through ry: .

At the high frequency end of the audio spectrum, the low-frequency
equivalent circuit may not hold true for some transistors. The equivalent
circuit should then be modified as shown in Figure 3-0.7. The only dif-
ference here is that a diffusion capacitance Cp'e is shunted across ry: .
The value of Cy ¢ is Iy/807 f ., where f,, is the alpha cutoff frequency.

5. Noise

There are three kinds of noise in the transistor, namely: white
noise, 1/f surface noise, and 1/f leakage noise. In the equivalent circuit
as shown in Figure 3-0.8, the dominant white noise and 1/f surface noise
can be represented by the current generator located between b’ and e,
whereas the 1/f leakage noise can be represented by a current generator
located between b’ and c. The white noise power is proportional to the
d.c. base current. The 1/f surface noise power is proportional to the
square of the d.c. emitter current. The 1/f leakage noise power is pro-
portional to the collector leakage current, which in turn varies as the d.c.
collector voltage. If the leakage noise is negligible, the total noise power
generally increases by 3 to 6 db for each 2:1 increase in d.c. current.

For low noise operation, the external base and emitter impedances
should be low, of the order of the base lead resistance. When iy, is the
only dominant noise source, in Fig-
ure 3-0.8, the signal to noise output
current ratio for a base input or
emitter input circuit is equal to boB . D "

(§) vg 3-0.2 it's b 8"!0%’
1

N/ (Z +Zy+Z,) iy,
LT ‘ o
where V_ is the generator voltage Fig. 3-0.8 - Noise generators in
of the desired signal, Z,is the equivalent circuit
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z, generator impedance, Z, is the
1 impedance in series with the base
including the base lead resistance,
and Z_ is the impedance in series
with the emitter. See Figure 3-0.9.

Zq

v,
g
B. Circuit Considerations

Fig. 3-0.9 - Transistor input circuit 1. Bias Stabilization

The operating point of a
transistor is sensitive to tempera-

ture variations unless some means of stabilization is provided. The tem-
perature sensitivity is due to two main reasons: (1) the shift of d.c. input
or transfer characteristics (see Figures 3-0.1 or 3-0.2), and (2) the
exponential increase of cutoff current with temperature, see Figure 3-0.5.
The following circuits are often used for biasing a transistor stage to
achieve stabilization.

a. Series Emitter Stabilization

The basic emitter degeneration circuit for temperature stabili-
zation is shown in Figure 3-0.10. The d-c voltage drop across the external
emitter resistance, Rg, is much higher than the temperature sensitive
base-to-emitter voltage and the voltage drop across the external base
resistance. As the temperature varies, the emitter current is held sub-
stantially constant. Since the collector current is nearly equal to the
emitter current, the collector current also remains insensitive to tem-
perature variations.

Vg varies nearly 2 mVde/°C
as described earlier so that one
requirement for Rg is that the volt-
age drop I Rg should be much
greater than 2AT mVdc, where AT
is the temperature range over which
sRg the transistor is expected to oper-
ate. In general, Ig Rg is greater
than 1 volt in a good design.

The value of Ry should be small
'l‘ enough so that the forward bias
! created due to the flow of tempera-
Fig. 3-0.10 - Temperature stabilized  ture sensitive saturation current in
by series emitter degenerization Rp is small com ared with the

y g B p

“F
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Ig Rg drop. This isusually satisfied R
if Rg is smaller than a;_ Rg. A

b. Collector-to-Base
Shunt Stabilization

The d.c. shunt feedback
circuit shown in Figure 3-0.11 is
another common method for stabi-
lizing a transistor circuit against ., -

s . Il—
temperature variations. In this Ly
circuit, any increase in collector Fig. 3-0.11 - Temperature stabili-
current due to a temperature zationby collector-base shunt
increase will result in lower col- degeneration
lector voltage. This lower collector
voltage reduces the forward bias at
thebase of the transistor through R,
thereby decreasing the increase in collector current. The negative feed-
back is effective when Ry is low, and R.and Ry are high. The external
parallel resistance as seen by the base

Rg (Rg * Re) 3-0.3
Ry + (Rp * RQ)|[

however, should not be too high, because at high temperature the flow of
saturation current in this resistance will create a forward bias to increase
the collector current. Since Rg is usually quite high, this means that Ry
should only be moderately high. Good stabilization is achieved when

3Rp

Rp < ag. Re 3-0.4

Rg 1

RB/(RF T RC) < 0 ICBO 3-0.4a

1/40 I <

where I 5, is the reverse collector base current at the highest tempera-
ture of interest.

A combination of emitter degeneration and shunt degeneration may be
combined to achieve a higher degree of stabilization as shown in Figure

3-0.12.

c. Bias Compensation

In circuits where one cannot afford any d.c. voltage drop such
as the Iy Rg voltage of Figure 3-0.10, or the Ic Rc voltage of Figure 3-0.12,
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Rp temperature compensating bias may
AMA £ be used. In this method, constant
collector or emitter current is
maintained by decreasing the base-
2R to-emitter forward bias at a rate

of approximately 2 mVdc/°C as the

EERB Re temperature is increased.

.
=i}t

This compensating bias may be
Fig. 3-0.12 - Combined series & derived from a thermistor as shown
in Figure 3-0.13 or a constant cur-
rent fed junction diode as shown in
Figure 3-0.14. Most thermistors
need padding resistors such as Rp
to "track' the characteristics of the transistor. Diodes on the other hand,
need no padding resistor, so long as the diode is made of the same kind of
material as the transistor to be compensated.

@

shunt degeneration

+ - * -
@ i}t ® . —ij——
T
$Rp
Ry Ry
Fig. 3-0.13 - Thermistor Fig. 3-0.14 - Diode temperature
temperature compensation compensation

C. Thermal Considerations

In the operation of power transistors, a large amount of power maybe
dissipated in the transistor. For a Class A amplifier, maximum dissipa-
tion occurs when the signal output is zero. Under this condition, the dis-
sipation is equal to the input power or twice the maximum undistorted sine
wave signal output. In Class B operation, the maximum dissipation occurs
when there is a square wave output signal equal to half the maximum peak
amplitude in current and voltage. In this case, the dissipation in each
transistor is equal to one quarter of the maximum sine-wave output.

60




The maximum power which can 350
be dissipated in a transistor is

At'- °C ABOVE AMBIENT TEMPERATURE
I

limitedby two factors: the maximum A;"°' 200
junction temperature, and thermal 300
stability, / /
250
The total temperature risefrom
the ambient to the junction equals /

the sum ofthe individual temperature 200
rise of the chassis (heat sink), the
mounting hardware and the internal

transistor. Thus the junction tem-

/ 35°

150

\\

SURFACE AREA IN SQUARE INCHES

NN

perature, ’I‘j , can be expressed as / s
100 /
T, =P (6,+6,+6,) +T, 3-0.5 / ///55-
|_6s°
; P . 50 / / [
where P is the power dissipation, / /:%%’-
6. is the chassis thermalresistance, = —
¢_ is the mounting resistance and 6 o
. m . t o 5 10 15 20 25
is the thermal resistance from the POWER DISSAPATION IN WATTS-FREE AIR CONVECTION

junction tothe case of thetransistor. Fig. 3-0.15 - Temperature rise vs
For high power operation, the ther-
mal resistance should be minimized.
Figure 3-0.15 is a plot of the ther-
mal resistance as a function of the
radiating surface. The mounting thermal resistance results from the in-
sulating hardware (such as mica or anodized aluminum washers) used to
electrically insulate the transistor from the chassis. Varnish or grease
should be used and the transistor should be tightened against the mounting
to reduce the mounting thermal resistance.

power dissipation

When power dissipation and temperature increase regeneratively
without reaching equilibrium, the transistor is said to be in a runaway
condition. The thermal stability of a transistor depends on many factors.
The maximum power dissipation without causing thermal instability is

23 10

p-2 i
cBo YcE St

o o2 z571

where 6 is the total thermal resistance, Icgo is the reverse current at
ambient temperature, Vcg is the collector-emitter voltage, and S is the
stability factor which is given in Table I for the generalized circuit
Figure 3-0.16.
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wik Table I k%
Condition S
Rc=Rg=Rg =0, Rp=o ag

e

(Rg + Rg) g,
Rg + a4, Rg

R. # 0, R. %0 Ife
E ¢ F Rg Rc o4 /(Rg *Rg) (Rp +Rc)

From the stability equation, circuits with low S, i.e., good tempera-
ture stability, also can withstand greater dissipation without causing run-
away.

High voltage operation has greater tendency to cause runaway,
because any change in collector current due to temperature rise results
in greater change in dissipation than with lower voltage. The runaway
criteria are shown graphically in Figure 3-0.17.

D. Distortion

1. Nonlinear Input Characteristics

In the input characteristics shown in Figure 3-0.1, the d.c. current
varies exponentially with the d.c. voltage in the low current region, and
the input resistance varies inversely
as the d.c. base current. When the
source impedance is low compared

o} - E t 4 f SE—
¢ MAX OSSAPATION W WATTS
® = THERMAL RESISTANCE IN “C/WATT

s} S = STABRITY FACTOR lses bebia} ‘l’
Yog® COLLECTOR EMITTER VOLTAGE th YOLTS

180" COLLECTOR CUT-OFF CURRENT IN AMPLRLS

e
il ¥ M o .
L s %z oo
Fig. 3-0.16 ~ Generalized Fig. 3-0.17 - Power dissipation
D. C. circuit derating curves
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with the input resistance, nonlinear
input resistance gives rise to dis-
tortion.

The harmonics generated on an
exponential curve increase as the
input voltage is increased. The
amplitude of the second, third and
fourth harmonics are plotted against
the amplitude of the signal in Fig-
ure 3-0.18.

As the d-c base current is
increased to a value such that r .,
is much less thanthe series imped-
ance of the generator and the base
spreading resistance, the input
characteristic becomes linearized.
Thus, thetransistor should be oper-
ated with a low signalinput or ahigh
d.c. base current, if distortion due
to the nonlinear input characteristic
is to be minimized.

2. Nonlinear Current
Amplification Factor

At high current densities,
the current amplification factor
decreases as the d.c. emitter cur-
rent increases. When the source
impedance is high, this fall-off in
current amplification may introduce
high distortion.

E. Negative Feedback

1. Series Degeneration

o
o
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Z
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INPUT SIGNAL (25MV/DIV.)

Fig. 3-0.18 - Harmonic distortion

vs input voltage

@

Fig. 3-0.19 - Series degeneration

The basic series negative feedback circuit is shown in Figure
3-0.19. This type of negative feedback is most effective in reducing the
distortion when the source impedance is lower than the base-to-emitter
resistance. The value of the emitter resistor, Rg, should be so chosen
that ag, Rg >> ryv_.. Higher current gain transistors give a greater amount
of degeneration and are therefore preferred.
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The emitter degeneration resistance not only reduces distortion but
also increases the input resistance. The increase in input resistance is
equal to a;, Rp. The use of emitter degeneration or modifications of this
circuit, such as the cascaded degeneration circuit (Darlington circuit), are
generally used whenever high input resistance is required.

Both the cutoff frequency and the output impedance of the circuit in
Figure 3-0.19 are increased over the common emitter circuit by an
amount approximately equal to (1 + a, Rg/R ) times when a, >> r, . .
The voltage gain is then approximately equal to R;/Rg.

2. Shunt Degeneration

The shunt degeneration circuit
is shown in Figure 3-0.20. This
type of degeneration is most effec-

. tive in reducing the distortion when
: the source impedance is high com-
R_ pared to the input impedance. For
a high source impedance, distortion
—I|=

is mostly due to the fall-off of the

current amplification factor with

increasing emitter current, see
Fig. 3-0.20 - Shunt degeneration Figure 3-0.3.

The amount of negative feedback is approximately equal to a; R/ /Rg,
and the effective current amplification factor, a;,’, is approximately
equal to
%

! = 3-0.7

*fe " T +a;, R/Rg

when ag, RL/RF >> 1, a.fe’ becomes RF/RL'

The shunt negative feedback reduces the input and output resistance.
The reduction factor for the input resistance is approximately equal to

(1 + a;, R /Rp). The output resistance is approximately equal to Rp a.

The cutoff frequency is also extended by the use of shunt negative
feedback by a factor approximately equal to (1 + a;_R;/Rg).
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Fig. 3-0.21 - R-C coupled circuit Fig. 3-0.22 - Darlington circuit

F. Basic Amplifiers

1. RC Amplifiers

RC amplifiers can be con- vi}H
nected as shown in Figure 3-0.21.
Due to the high output resistance
and the low input resistance of a
common emitter stage, the RC
amplifiers are essentially current amplifiers. The figure of merit for
such an amplifier is simply the current amplification factor.

Fig. 3-0.23 - Cascade complemen-
tary direct coupled circuit

The amplifier can be biased more conveniently by the shunt degenera-
tion as shown in Figure 3-0.11, particularly since R, is to be used. In
addition, if a bypass capacitor is to be used the required capacitance is
usually smaller for the shunt stabilization than the series degeneration as
shown in Figure 3-0.10.

The value of Ry should be much greater than the input resistance of
the transistor to avoid shunting the signal. The value of Re should also be
much greater than the input resistance of the next stage for the same
reason.

Direct-coupling can be used for low-frequency amplifiers. Direct
coupling sometimes has the advantage of saving components and reducing
signal degeneration due to the elimination of load resistance. One com-
monly used circuit is the cascaded emitter follower amplifier sometimes
referred to as the Darlington circuit (see Figure 3-0.22). Another con-
venient direct-coupled arrangement is the cascaded complementary
amplifier as shown in Figure 3-0.23. In either of these cases, a shunt
resistor is used between the base and the emitter for temperature stabi-
lization. Further temperature stabilization may be obtained by negative
feedback over more than one stage.
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2. Transformer-Coupled Amplifiers

The most commonly used transformer-coupled amplifier connec-
tions are shown in Figure 3-0.24. In (A) emitter resistance Ry is used for
temperature stabilization, and Rg should be bypassed to avoid degeneration
in power gain. In (B) temperature compensating bias is derived from a
bypassed thermistor. Circuit (B) has the advantage that the supply voltage
is not sacrificed and is therefore useful in applications where the supply
voltage is limited.

The figure of merit for transformer-coupled amplifiers is the power
gain, and is equal to

Power Gain = Output Power/Input Power. 3-0.8

Transistors with high current gain and low input resistance are therefore
desirable. High supply voltage permits the use of high load resistance R
and hence high power gain.

Push-pull amplifiers can be
operated either Class A, Class AB,
or Class B for audio purposes. A
typical circuit is shown in Figure
3-0.25. The class of operation
depends on the amount of forward

| bias.
g
- If zero bias is used in Class B
—ww jlll 1 operation, the output signal will
v have cross~-over distortion and look
— A something like that shown in Figure
3-0.26(A). This distortion is due to
(A) the lack of initial bias required to

operate the transfer characteristic

T g
(8) T & |

Fig. 3-0.24 - Transformer coupled Fig. 3-0.25 - Push pull amplifier
amplifier
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in the linear region as shown in ic Ie
Figure 3-0.26(B). This kind of /\ /\
cross-over distortion can be elim-

inated by applying a small forward \/ \/
bias. This required forward bias w
changes at different temperatures

due to the variation in the d.c.

transfer characteristics. In Class

AB and Class B operation,nobypass

capacitor can be used across the

biasing resistor Rpp to avoid cross- Y
over distortion. Fig. 3-0.26 - Cross over distortion

Vor

3. Power Amplifiers

Power Amplifiers may be operated in Class A, Class AB, or Class
B. For linear operation, a single transistor must be operated in Class A.

If two transistors are used, the more efficient class of operation may be
used.

The common emitter configuration is used most widely in power
amplifiers because of high power gain. If distortion must be reduced and
the frequency response must be extended, it is generally better to apply
negative feedback to the common emitter circuit than resorting to other
kinds of configurations with low power gain.

There are two basic push-pull circuit arrangements. One has a push-
pull output and the other has a single-ended output. The push-pull output
circuit is shown in Figure 3-0.25. The single-ended output circuits are
shown in Figures 3-0.27(A) and (B).

The single-ended output circuit can be obtained with either comple-
mentary type of transistors as shown in Figure 3-0.27(A) or the same type
of transistors as shown in Figure 3-0.27(B). The advantage of the single-
ended output stage is the elimination of output transformers.

The complementary circuit shown in Figure 3-0.27(A) has a further
advantage over the series connection of the same type of transistors in
that the former needs only a single-ended input, whereas the latter needs
a split phase input. The split-phase can be obtained by various schemes
as shown in Figure 3-0.28(A), (B), and (C). Figure 3-0.28(A) uses an input
transformer with two secondary windings. Figure 3-0.28(B) uses a com-
pPlementary pair as phase splitter. Figure 3-0.28(C) cannot be used for
Class B operation unless the two diodes shown in dotted lines are used to

furnish a low impedance path when the transistor in shunt is not con-
ducting.
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(A) COMPLEMENTARY CIRCUIT

1
5T
=

il

(B) SERIES CONNECTED CIRCUIT (C) PHASE-SPLITTER DRIVEN CRCUIT

Fig. 3-0.27 - Single-ended output Fig. 3-0.28 - Methods for driving
circuits single-ended push-pull amplifiers

The discussion on circuits is devoted only to base-input configura-
tions. In practice the common emitter configuration is the most com-
monly used because of high gain. The common collector is used where
high input impedance is desired, while the common base configuration is
seldom used in low frequency amplifiers. Although the common base
configuration gives lower distortion in certain instances, the low distor-
tion can generally be obtained by other base-input configurations with
negative feedback.
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CIRCUIT 3-1
LOW LEVEL AUDIO AMPLIFIER

Radio Corporation of America

Circuit 3-1 represents a straightforward well-designed low level
amplifier. The operating current of this amplifier is 1 mAdc, a point
where the current amplification factor is at its maximum. The d.c. cur-
rent is held constant against temperature variation by both the shunt
degenerative action of R; and the series emitter degeneration action of R,.
Note that there is a voltage drop of 1.5 V across R,. The operating range
of temperature is from -60°C to +75°C.

¢
+ o
Indadates {{
I5uf 15V
Rg
Vs
]
Lm0

Circuit 3-1 - Low level audio amplifier
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Circuit 3-1, Low Level Audio Amplifier (cont'd.)

The d.c. voltage drop across R, is such that the quiescent collector
voltage is approximately half the supply voltage. This bias will give |
maximum dynamic range, because the instantaneous voltage may now swing
from zero up to the supply voltage.

R, is bypassed to avoid a-c degeneration. However, R3 is not by-
passed. This shunt degeneration linearizes but reduces the current gain,
reduces the input and outpuf impedances, and extends the frequency
response. Greater amount of negative feedback is effected when the load
resistance R; or the source impedance is higher. As a voltage amplifier,
the source impedance is low and hence the shunt feedback becomes less
effective.

This amplifier is suitable as a general purpose amplifier building
block. The performance of this amplifier is shown in the following table:

Frequency Response: A. Current Gain vs. Frequency
(10 to 40,000 c.p.s. @3 db down)

B. Voltage Gain vs. Frequency
(55 to 10,000 c.p.s. @ 3 db down)

Minimum Input Level: 0.1 mVac

Maximum Input Level: 20 mVac

Distortion: . Maximum 9% Total Harmonic Distortion
Input Voltage: R, 5000 ohms R 1000 ohms
B. 10 mVac 3.9% 6.2%
C. 20 mVac 8.3% 13.0%
Gain at 30°C Current Gain Voltage Gain
A. Ry = 2000 ohms 13 36
B. R, = 500 ohms 41 16

|
A. 1 mVac 0.7% 1.0%



Circuit 3-1, Low Level Audio Amplifier (cont'd.)

Characteristic Impedance at 30°C

A. Output Impedance = 1620 ohms when R_ = 1000 ohms,

980 ohms when R, = 5000 ohms.

B. Input Impedance 1620 ohms when R; = 500 ohms,

900 ohms when R; = 2200 ohms.
Power Requirements: =-12V % 10% @1 mAdc 12 mw

Temperature Range: -60°C to +75°C

72 !




CIRCUIT 3-2

TRANSFORMER-COUPLED OUTPUT STAGE

C.B.S.

A transformer-coupled Class A amplifier is used where high power
gain is required. Circuit 3-2 shows a typical transformer-coupled
amplifier such as those used in the automotive radio output stage. The
input transformer is used to match the high output impedance of the driver
(transistor or tube). The output transformer may be an auto-transformer
for matching the voice-coil impedance.

Temperature stabilization is achieved by the thermistor, Ry, which
provides a compensating bias at the base. The series emitter degenera-
tion for temperature stabilization is not practical, because an emitter
resistance would reduce the d.c. collector-emitter voltage, which in turn
would reduce the power gain.

Due to the variation in the d.c. input characteristics from transistor
to transistor, a variable resistor, R,, should be used in series with R; to
adjust the forward bias of the transistor to the desired operating point. A
padding resistor, Ry, is connected across the thermistor to obtain the
desired variation in forward bias with temperature.

In a Class A amplifier, the dissipation is more than twice the maxi-
mum power output. A good heat sink is required if the amplifier is to be
operated satisfactorily at high temperatures.

6.1

INPUT

+
T,- THORDARSON - TR-20

TZ-THORDARSON -TR-58

Circuit 3-2 - Transformer-coupled output stage
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Circuit 3-2, Transformer-~-Coupled Output Stage (cont'd.)

The typical performance is as follows:

Supply voltage: 14V

Collector current: 420 mAdc
Power output: 2W

Input impedance: 30 ohms

Load impedance: 30 ohms
Power gain: 36 db
Distortion: 5%

Frequency response: 7 ke

Operating temperature: -40°C to +70°C
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CIRCUIT 3-3

INPUT CIRCUIT FOR CAPACITIVE TRANSDUCER

C.B.S.

Contributed by H. C. Lin*

The impedance of a capacitive transducer decreases as the frequency
If the input impedance is lower than that of the transducer,
the input current will be higher at higher frequencies. An input circuit
should equalize the frequency response, give good signal-to-noise ratio

is increased.

and have low distortion.

An input circuit for capacitive pickup (crystal or

ceramic) satisfying all of these requirements is shown in Circuit 3-3.

CERAMIC
PICK-UP

C

=

2
'L
11
00334f
Lot
33K
==
Oler R
[
220 K c
Q, N 9
{F—o
2N440 5uf
Ry Ra4
ey 4700 N
= [l [E5
Ly
4.5V

Circuit 3-3 - Input circuit for capacitive transducer

*Now with Westinghouse Electric Corp.
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RESPONSE DB

Circuit 3-3, Input Circuit for Capacitive Transducer (cont'd.)

The input impedance is made much smaller than the source impedance
and the current gain is made to vary inversely as the velocity response of
the RIAA recording characteristic shown in Figure 3-3.1. These functions
are obtained by means of negative feedback. C, is effective between 50
and 500 c.p.s.; R, between 500 and 2000 c.p.s.; C,above 2000 c.p.s.

The large amount of negative feedback reduced the distortion and
permits the use of low operating current, which is essential for low noise
operation. The fact that no equalizing network is connected in series with
the base also helps to reduce the noise.

This circuit has the advantage that interchanging pickups of different
C, does not alter the frequency response, so long as the reactance of C_ is
much greater than the input impedance at any frequency.

The performance of the input stage shown in Circuit 3-3 is plotted in
Figure 3-3.2.

|
o:oi l [

/ ’____—\%&u, - |
— 20{70
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p E.' ofss
-20 -—--—/”’ 3 .l
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I 'F\ e panaenionac r ere) P —— 'I
= TEe mewe | eSS —
Fig. 3-3.1 - R.I.A.A. recording Fig.3-3.2-Input stage performance
characteristic curves curves
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CIRCUIT 3-4

INPUT CIRCUIT FOR INDUCTIVE TRANSDUCER

C.B.S. Contributed by H. C. Lin¥*

The impedance and the signal voltage of an inductive transducer
generally increase as the frequency is increased. Like the input circuit
for capacitive transducer, the input circuit for inductive transducer should
equalize the frequency response, and have low noise and distortion.

These requirements are satisfied in the input circuit for inductive
pickup in Circuit 3-4. In this circuit the input impedance increases with
the frequency as the velocity response of the recording characteristic
(see Figure 3-3.1). This is accomplished by negative feedback applied to

Vec=-4.5V
el
R
abon
O_Tf-l Q2
10 pf
MAGNETIC
PICK-UP c
INPUT H° o
=iy
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%

Circuit 3-4 - Input circuit for inductive transducer

*Now with Westinghouse Electric Corp.
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Circuit 3-4, Input Circuit for Inductive Transducer (cont'd.)

the emitter of the first transistor.
For R, >> R4, the amount of feed-
back is equal approximately to

3/n W woisa wiT

%te, Ry/Zp 3-4.1
where afe, is the a;  of transistor
Qy, and Z; is the impedance of the

- feedback network C,, C3 and R,.
The input impedance is equal to

OISTORTION {DOUBLE AEY. LEVEL)

—MIITORTION (AL, SEYEL) Jos
* " kimaen : : * approximately
Fig. 3-4.1 - Circuit performance
curves (a.t,e1 Ry (1 +°'fe2 R,/Zg) 3-4.2

provided R; is much greater than the internal emitter resistance r, of the
transistor. The frequency response deviates 3 db below 50 c.p.s. if R is
made equal to e

At any frequency, the input impedance is much higher than the gener-
ator impedance of typical inductive pickups. Hence, this circuit is
independent of the pickup impedance. The absence of base resistance is
beneficial with respect to noise performance.

The d.c. operating point is stabilized by negative feedback from the
emitter of Q, to the base of Q, through R, and Rs. In addition, R, is used
to further stabilize the individual stages. Bypass capacitor C; is used to

eliminate a.c. degeneration.
5

The performance of the circuit is plotted in Figure 3-4.1.
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CIRCUIT 3-5
LOW NOISE TRANSISTOR PREAMPLIFIER

Minneapolis-Honeywell Contributed by Richard S. Burwen

Circuit 3-5 is a general purpose preamplifier featuring an extremely
low noise figure. The amplifier as shown has a gain of 100 or 1000 and a
frequency response of 3 cycles to 30 kilocycles. The noise figure is less
than 5 db under a wide range of circuit modifications, and is as low as
2.4 db under optimum conditions. Large amounts of d.c. and a.c. feedback
provide excellent circuit stability, even with large changes in temperature
and large variations among transistors.

The circuit uses four transistors. The first two stages employ the
common emitter connection with direct-coupling between them. The first
stage is operated at very low collector voltage and current to facilitate
low noise performance. The collector of second transistor Q, is direct-
coupled to the base of Q;, an n-p-n unit, which in turn drives the output
transistor, Q4, a p-n-p emitter follower. The use of the n-p-n transistor
after a p-n-p transistor simplifies the circuit to a considerable extent.
The feedback network is connected between the emitter of the output stage
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Circuit 3-5 - Low noise transistor preamplifier
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Circuit 3-5, Low Noise Transistor Preamplifier (cont'd.)

and the base of the input stage. Several additional small capacitors are
used to insure high frequency stability.

The input impedance of the preamplifier is quite low. The impedance
is determined primarily by the input network, R; or R, and C;. The heavy
feedback reduces the base to ground impedance of transistor Q; to a very
low value. The input impedance at mid-frequencies is then 4.7K for a gain
of 100 and 470 ohms for a gain of 1000. The circuit is intended for use
with low impedance sources which will not be adversely affected by the
loading of the input.

The noise figure of the amplifier using the X100 input is approximately |
2.4 db; the measured input noise is 2.0 {V. Using the X1000 input results
in a noise figure of 3.2 db and the measured noise is 0.7 V. These noise
figures are typical of the capabilities of this type of input circuit. Over a
range of input resistors from 100 ohms to 10K, the noise figure should
not exceed 5 db.

It should be noted at this point that the wideband noise figure obtained
in this circuit will not correspond directly to manufacturer's noise speci-
fications, as the latter are measured at 1000 cycles at very narrow band-
width, and at higher than optimum collector currents. This procedure
tends to emphasize the so-called 1/f, or semiconductor, noise, which is
predominant at the lower frequencies. The noise voltage per cycle band-
width at the low frequencies is greater than the average noise density
over the entire audio spectrum, and the high collector current introduces
additional noise in the test setup; consequently the manufacturer's noise
figure specifications tend to be overly pessimistic, and results much
better than the reference figures generally quoted can be obtained in a
wideband circuit such as the one presented here.

The use of mercury batteries rather than an a-c power supply is
partly responsible for the attainment of low noise operation. Noise from
the power supply is an important factor in the operation of a sensitive
preamplifier, and the mercury batteries are much quieter than the cor-
responding rectifier and filter power supply. The life of the batteries
specified is approximately 1500 hours.

The open loop gain of the four stages is 40,000. This high gain makes
stabilization of the preamplifier with feedback is somewhat critical. With-
out the use of d-c coupling, stabilizing a four-stage amplifier with heavy
feedback would present serious difficulties. The time constants associated
with the feedback network and the output network cannot cause the ampli-
fier to be unstable at small inputs. However, under overload conditions
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Circuit 3-5, Low Noise Transistor Preamplifier (cont'd.)

the normally low output impedance of the common emitter output stage Q4
becomes appreciably higher, and the time constant of the output coupling
capacitor C, and the load resistance is consequently placed in the feed-
back loop. The additional low-pass RC network appearing under overload
conditions introduces more phase shift in the feedback loop, rendering the
circuit unstable at some low frequency, and oscillation results. Fortu-
nately, the instability is conditional; as the circuit oscillates the emitter
follower impedance swings from quite low to quite high, and if the over-
load signal is removed from the input, the oscillation ceases upon the first
swing to the low impedance condition. Thus, if the overload input signal
is removed, stability is restored within one cycle of the oscillation.

In addition to possessing desirable low noise characteristics, this
preamplifier also provides low distortion amplification. The midband
distortion at 1 volt rms output is 0.005% with a gain of 100 and 0.05% with
a gain of 1000. The open loop distortion is approximately 2%, most of
which arises in the third stage because the static collector current of Qs
is not too much larger than the variation with large signals. However,
the heavy feedback minimizes any distortion arising in the circuit.

A desirable feature of this circuit is its low component count, due to
direct-coupling and the use of cascade complementary arrangement. Aside
from the overall d.c. stabilization and ease of stabilization, the d-c
coupling also results in the saving of two or three large capacitors per
stage. This means a tremendous decrease in size and a tremendous
increase in circuit reliability.

This preamplifier is useful in a large number of audio applications.
It has excellent noise figure, frequency response, and component economy.
It is temperature stabilized and should provide reliable performance under
a wide range of temperatures, although the use of germanium transistors
does limit the upper temperature. A similar circuit using silicon tran-
sistors should be feasible, although the noise figure will not be as good.
The circuit herein presented should be satisfactory under the most
stringent of low-noise requirements.
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CIRCUIT 3-6

HIGH INPUT IMPEDANCE PREAMPLIFIER

Burr-Brown Contributed by R. P. Burr

This preamplifier employs the Darlington, or 'super-alpha'" connec-
tion of the input transistors to provide a high input impedance. By con-
necting two common collector stages in cascade, the a.c. input impedance
is nearly equal to (%) times the load, Rg in parallel with Rs. The actual
input impedance at room temperature is greater than 2 megohms.

In spite of the high a.c. input impedance, the d.c. resistance in series
with the base of Q; (R; plus the parallel resistance of R, and R;) is con-
siderably lower. This low d.c. resistance in series with the base is

+6.0V
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R3
56K
Q,
o ILC'
0\“1‘( 3.1 QZ
INPUT 200V ZNIODA‘ Cs Ce
30V
? c 2N16BA ] ‘ ( 2
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470K QIOK e
10K
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Circuit 3-6 - High input impedance preamplifier
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Circuit 3-6, High Input Impedance Preamplifier (cont'd.)

essential for temperature stabilization. The high ratio of a.c. input
impedance to d.c. input resistance is made possible by the use of
capacitor C, connected between the emitter of Q, and the junction of R,
and R,. This couples the output voltage back to the junction. Since the
output voltage is nearly the same as the input voltage, the actual differ-
ence voltage across R, is very small and the effective value of R, is
increased by several orders of magnitude. The upper limit of R, is set
by temperature considerations. R, adds sufficient current to Q; to main-
tain high 8 and frequency response.

The circuit as shown functions well over the temperature range of
-25°C to +55°C. Frequency response is flat within 0.5 db over the fre-
quency range of 10 c.p.s. to 250 kc. The circuit is used primarily as an
instrument or oscilloscope preamplifier, but is easily adapted to any use
requiring high input impedance. The use of germanium transistors limits
the temperature range, but the circuit is well proven within its rating.
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CIRCUIT 3-7

WIDE TEMPERATURE RANGE PREAMPLIFIER

General Electric Company Contributed by S. K. Ghandhi

Circuit 3-7 is designed for wide temperature operation. Silicon tran-
sistors are employed to extend the operating capabilities in the high
temperature range.

The three n-p-n silicon transistor stages are direct coupled. The
emitter potentials of Q,, Q, and Q; are progressively more positive. This
is accomplished by connecting breakdown diodes CR; and CR, in series
with the emitters of Q, and Q; respectively. The purpose of the progres-
sively increased emitter potential is to insure that the collector of the
preceding stage is not saturated.

Overall negative feedback is applied from the collector of the output
transistor to the base of the input transistor through Ry;. This feedback
stabilizes the d-c operating point and maintains a constant gain against
temperature variations. The initial operating point is adjusted by R, so
that 12.5V appears at the collector of Q;. By connecting R; in series with
the base, the negative feedback will not lose its effectiveness even if the
source impedance is very low. A local negative feedback circuit,

——0 +22.5V
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Circuit 3-7 - Wide temperature range preamplifier
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Circuit 3-7, Wide Temperature Range Preamplifier (cont'd.)

consisting of C, and R, is connected between the collector and the base of
Q, to prevent oscillations at high frequencies due to heavy overall feedback.

The circuit has a voltage gain of approximately 40 + 0.3 db over a
temperature range of -55°C to 125°C. The frequency response extends
from 20 c.p.s. (limited only by C, and C;) up to greater than 25 kc. No
electrolytic capacitors are used in the circuit proper. This feature
improves the reliability and component economy. Besides, the component
tolerances are not critical, and almost any n-p-n silicon transistor may
be used provided that it is operated within its ratings.
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CIRCUIT 3-8

HIGH INPUT IMPEDANCE WIDE TEMPERATURE
RANGE AMPLIFIER

Texas Instruments Contributed by Arthur D. Evans
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Circuit 3-8 - High input-impedance wide temperature range amplifier

This circuit is extraordinary in that it provides a very high input
impedance over an extended temperature range. The input impedance at
1 kc is in excess of 7 to 8 megohms over the temperature range of -55°C
to 125°C, while the gain is constant to within 0.2 db over the same range.

Figure 3-8.1 shows the sim-
plified equivalent circuit of the

] + i :‘ o amplifier. It consists of a common-
°L7 5 i’ % collector stage followed by three
mod oo 20d1001 0 190 NEN common-emitter stages. By
INPUT ! . —p# | ouTrur employing negative feedback,
o voltage gain is exchanged for input
C impedance, and overall gain is
Fig. 3-8.1 - Simplified circuit stabilized. This feedback is
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Circuit 3-8, High Input Impedance Wide Temperature
Range Amplifier (cont'd.)

accomplished by placing feedback resistor R, 3 in the common return lead
of the entire amplifier. The a-c current through R, 3 is approximately
equal to the product of the input current and the current gain of the
amplifier. Thus the effective value of R,; referred to the input terminals
is AR,,, where A is the current gain of the amplifier. If the amplifier
current gain is 105 and R;3 is 6 ohms, then the equivalent input impedance
is approximately 6 megohms.

The complete amplifier is shown in Circuit 3-8. The four stages are
direct-coupled. Bias stability is assured by the use of large emitter
resistors R,, Ry, and Ry,; these are bypassed for signal frequencies. Bias
voltage for the first stage is developed across the 9 volt breakdown diode
CR,.

The output impedance is set by the value of Ry, which is 600 ohms.
The voltage gain is set by the ratio of the output resistor R,, to the feed-
back resistor R;;and is almost independent of transistor parameters. As
shown above, the input impedance is equal to the product of the current
gain of the amplifier and the feedback resistor R;3. Since the current
gain is a function of temperature and frequency, the input impedance is
affected by these parameters; however, the circuit shown is stable to 0.1
db over the temperature range and to within 1 db from 6 c.p.s. to 300 kc.
The input impedance is greater than 1 megohm between the frequencies of
25 c.p.s. and 350 kc and greater than 8 megohms between 400 c.p.s. and
30 ke. Input impedance as a function of temperature and frequency is
shown graphically in Figures 3-8.2 and 3-8.3,

The equivalent input noise ranges from about 24 microvolts with input
shorted to about 540 microvolts with input open. Careful consideration
should be given to the layout of the amplifier, particularly with respect to
stray capacitance to ground. In the circuit shown, excellent results are
obtained by mounting all components on a metal sheet which is insulated
from the main chassis and electrically connected to the ungrounded side
of feedback resistor R;; as shown in the circuit diagram. This prevents
deterioration of the high frequency characteristics of the amplifier by
reducing the effect of stray capacitance between the components and
ground,

This circuit will provide excellent results in many applications
requiring a very high input impedance over a large temperature range.
It can be used reliably as a preamplifier following high impedance devices
such as infra-red detectors and photocells, This amplifier offers
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Circuit 3-8, High Input Impedance Wide Temperature

Range Amplifier (cont'd.)

extremely desirable and stable characteristics under adverse environ-
mental conditions, and rates serious consideration for applications where

high impedance is a necessity.
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CIRCUIT 3-9
DIODE COUPLED A.C. PREAMPLIFIER

Transitron Electronic Corporation Contributed by Nicholas DeWolf and
John Warren

The preamplifier shown in Circuit 3-9 provides stable operation over
a wide temperature range, while allowing for a very considerable spread
of the semi-conductor component parameters. The interstage coupling
is unusual in that forward biased diodes are employed as coupling
elements. All silicon transistors and diodes are used in a circuit which
performs over the temperature range -55°C to +150°C.

The amplifier is a three stage design with all stages used in the com-
mon emitter connection. The input to the base of transistor Q; is through
a coupling capacitor C;. Each stage uses a bare minimum of components.

The d.c. operating conditions are stabilized by an overall feedback
loop including R, and Ry and the d.c. voltage at the output collector varies
only 0.125 volts per microampere change in the first stage base current,
due for example to any increase of leakage current. The d.c. feedback
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Circuit 3-9 - Diode coupled A.C. preamplifier
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Circuit 3-9, Diode Coupled A.C. Preamplifier (cont'd.)

loop is partially bypassed by C, so that the amount of a.c. feedback is con-
siderably less. The amplifier is designed for operation with source
impedances above 10K, and load impedances above 1K. The negative
feedback would be less effective with lower values of source and load
impedances. A voltage gain is 58 db with 10K source and load.

The interstage diodes being forward-biased accomplish a.c. coupling
without loss of gain. Any need for large coupling or bypass capacitors is
eliminated. Due to the d.c. voltage drop across these diodes, the collector-
emitter voltages of the first two transistors are set at approximately 1
volt which results in reliable low noise operation. The objectionable
effect of saturation current at high temperatures is minimized because of
the low external base resistance furnished through these diodes.

Due to the heavy a.c. feedback, the circuit would be unstable at a fre-
quency of the order of 80 kc unless the high frequency gain were reduced.
The RC feedback network between the base and collector of the input stage
lowers the gain at these frequencies and eliminates this possibility of
oscillation.

The circuit as presented provides 1 volt a.c. output per 0.125 micro-
amperes a-c input. This corresponds to 58 db gain with 10K source and
load impedances. The maximum undistorted output signal is 1 volt rms.
The frequency response extends from 4 c.p.s. to 100 kc. The low fre-
quency response is determined solely by the capacitor Cj in the feedback
network; any tendency toward low frequency instability is eliminated by
reducing the low frequency loop gain, i.e., large C3. The input and output
impedances are 200 and 250 ohms respectively.

The diode across the first stage input is intended to protect the tran-
sistor against damage due to excessive negative signal.

This preamplifier represents a unique yet reliable design featuring
conservation of components and space. It is useful over a wide range of
temperatures and over a wide range of source and load impedances. The
entire circuit requires only 5 milliwatts for its operation, and the physical
size of the unit is extremely small. This particular circuit should find
application in a wide range of equipment subject to extremes of tempera-
ture.

90




CIRCUIT 3-10

TWIN TEE REJECTION AMPLIFIER

Baird-Atomic, Inc. Contributed by William R. Lamb

Circuit 3-10 was designed to pass a band of frequencies centered
about a 400 cycle carrier. The required bandwidth is forty cycles. The
phase shift in this region must be as small as practical. Furthermore,
the amplifier must have low transmission at the rejection frequencies,
200 and 600 cycles.

These design requirements were met by an amplifier consisting of
two cascaded twin tee rejection networks with suitable isolation and
impedance matching between them; the two networks being tuned to 200
and 600 cycles, respectively.

The basic twin-tee circuit is characterized by infinite rejection at the
null frequency. Because a perfect balance is difficult to obtain, especially
when component variations due to aging and temperature are taken into
account, a rejection of not more than 45 db should be expected. The phase
shift through the network becomes rather violent as the null frequency is
approached, sweeping from plus 90° to minus 90° as the null is passed.
There is a rigid relationship between the driving and load impedances
which must be maintained if the network is to have symmetrical skirt
characteristics. However, these impedances have reasonable values and
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Circuit 3-10 - Twin tee rejection amplifier
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Circuit 3-10, Twin Tee Reiection Amplifier (cont'd.)
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Fig. 3-10.1 - Rejection amplifier
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This amplifier stresses the design of frequency rejection.

may be designed for transistor
circuits.

The circuit is straightforward
and needs little comment. Q; and
Q, comprise a preamplifier to raise
the input level above the following
circuit noise. Q, is a common col-
lector stage which drives the 200
cycle twin tee. Q3 is a buffer
amplifier, also a common collector
stage.

Performance of the rejection
amplifier is shown in Figure 3-10.1.

For wide

temperature operation and good interchangeability of transistors, some of
the temperature stabilization and negative feedback measures described

previously may be employed.
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CIRCUIT 3-11

TRANSFORMERLESS QUASI-COMPLEMENTARY
AUDIO AMPLIFIER

|IC.B.S. Contributed by H. C. Lin%*

This circuit features a Class B transformerless output stage using
two of the same type power transistors and is driven by a pair of com-
'plementary transistors as phase inverters. Due to the lack of matched
'complementary power transistors available commercially, the use of
power transistors of the same type is an advantage in many instances.
The output is designed to feed a conventional 16 ohm loudspeaker. While
the power output of the amplifier is six watts, greater output can be
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Circuit 3-11 - Transformerless quasi-complementary audio amplifier

*Now with Westinghouse Electric Corporation.
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Circuit 3-11, Transformerless Quasi-Complementary
Audio Amplifier (cont'd.)

obtained by using higher supply voltage. The frequency response is flat
within 1.5 db from 30 to 15,000 c.p.s. The harmonic distortion is less
than 1 percent in the mid-frequencies. Operation is satisfactory from 0°
to 50°C.

Besides the driver and output stages, there is a Class A pre-driver.
All three stages are direct-coupled. The output is coupled to the load
through a capacitor to permit single battery operation. If this capacitor
were not used, the loudspeaker would have to return to the center of the
power supply.

Capacitor C, is connected between the output and the junction between
R; and R;. This capacitor serves the same function as C, in Circuit 3-6,
to reduce signal degeneration.

A small forward bias is furnished the bases of the driver and the out-
put stage to avoid cross-over distortion. This bias is created by passing
the collector current of Q, through the parallel resistance of Ry and R,.

R, is a thermistor used to compensate for any temperature variations.
Temperature stability is further enhanced by the emitter resistance Ry
and the low base resistance R; for Q; and by Rg and Rg for Q4 and Qs- An
overall d.c. shunt feedback is provided by R,.

Low distortion, wide frequency response and low output impedance for
damping the loudspeaker is achieved through the additional negative feed-
back network C, and R,,. C, is used to eliminate any possible high fre-
quency oscillations.

(This material is based on the article "Quasi-Complementary Transistor
Amplifier" by H. C. Lin, Electronics, September 1956.)

Reprinted from Electronics, September 1956; copyright McGraw=-Hill, Inc. 1956
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CIRCUIT 3-12

COMPLEMENTARY SYMMETRY AMPLIFIER

National Research Council, Canada Contributed by D. W.R.McKinley and
R. S. Richards

For reasons of miniaturization and extended frequency response,
contemporary design of audio amplifiers and output stages tends to elimi-
nate transformers wherever possible. The complementary symmetry
push-pull connections offer single-ended input and output, require no
transformer, and permit a low load impedance and frequency response.
Circuit 3-12 is an example of this configuration.

The circuit employs three direct-coupled grounded emitter stages,
Q;, Qyand Q5 as preamplifier, feeding the push-pull complementary driver
stage, Q4 and Qg, which in turn drives the output stage, Qg and Q,.

The complementary stages employ one p-n-p and one n-p-n transistor
to achieve Class B operation without the use of a phase inverter. Each
transistor conducts on one-half of the cycle.
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Circuit 3-12 - Complementary symmetry amplifier
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Circuit 3-12, Complementary Symmetry Amplifier (cont'd.)

The preamplifier of this circuit contains two d.c. feedback loops
provided by R, and Ry which effect a high degree of temperature stabili-
zation. Additional feedback is offered by the use of emitter resistors;
this also enhances the possibility of transistor substitution without
adversely affecting the operation of the amplifier.

A-C feedback from the output of the amplifier to the base of the last
preamplifier transistor Q, is introduced by the feedback network R;;, Cg
and Cg. This network determines the frequency response of the amplifier.
With the parameters shown in the diagram, the response extends from
2 c.p.s. to 9 kc. Modifying this network as shown in Figure 3-12.]1 extends
the frequency response to 20 kc.

With the lower frequency response, this amplifier is used for driving
a pen recorder or similar instrument. The overall voltage gain is 4000;
a 1 mVac input signal will produce 4 volts across 10 ohms at the output.
The minimum input impedance of the circuit is 10K. For varying load
resistances, the efficiency and power output vary. The efficiency is
maximum at 20 ohms load resistance, where the power output is over 60%
of the d.c. power to the driver and output stages; the power output in the
vicinity of 1 watt maximum at this output impedance. The maximum power
capability occurs with a 6 ohm load impedance, at which point the effi-
ciency is about 45%.

Low harmonic distortion may be obtained, but the distortion is depend-
ent upon the load resistance which determines the amount of negative feed-
back, as shown in Figure 3-12.1. The noise figure of the amplifier is
measured as 7 db; this can be improved with low noise transistors. The

balance of the output stages is set
by the 500 ohm balance control Rg;
half of the supply voltage should

+! l ) appear across each output tran-
a ™ -.\ sistor.
z
g" 1 1 faf ®) '.1‘1'.1e frequency response of the
w2 : \ amplifier may be modified by the
SN / ! use of the feedback network shown
5 2 a2sh  80m 5 \\‘ \ in Figure 3-12.1, with curves (A)
Eh 4 \ and (B) indicating the frequency
-5 et ; \ response of the circuit before and
Y 1 A T I I B II | - ., after the modification. Figure
Freauentilincps’®® 10000 1000 3-12.2 shows the distortion as a
Fig. 3-12.1 - Relative level function of load resistance. This
vs frequency circuit is useful for a multitude of
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Circuit 3-12, Complementary Symmetry Amplifier {cont'd.)

audio applications, and may be used 25

to drive a loudspeaker. The power
available is 1 to 2 watts with quite O.5WATT IR .
low distortion. However, for loud- ’ 2.0 WATT

speaker output some forward bias 20
should be used for Q, and Qgto
eliminate crossover distortion.

The output coupling capacitor
may be eliminated by returning the
load to a low impedance center-tap

point onthe power supply. This may
be accomplished by using batteries
or with the use of two a.c. power
supplies of opposite polarities. With

N
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RMS DISTORTION IN PERCENT
)
]

direct couplingto theload, the output
transistors must be very closely
matched or a d.c. current will flow

through load. 100 50 20 0
LOAD RESISTANCE IN OHMS

The supply requirements arel8
volts at 200 mAdc, and regulation of
some type should be employed to
prevent distortion.

Fig. 3-12.2 - RMS distortion
vs load resistance

The amplifier is useful over a reasonable temperature range, but is
not designed for extremes of temperature. It is primarily useful in room
temperature applications. It is however, typical of the results possible
with complementary symmetry. The overall circuit economy is excellent,
and the miniaturization possible without the use of transformers is excel-
lent. This amplifier was designed for use as a medical recording instru-
ment, but simple modifications presented suit it for use as a loudspeaker
amplifier. With complementary transistors, the complementary sym-
metry configuration is useful for all low frequency power applications.

Reprinted from Electronics, August 1, 1¢567; copyright McGraw-Hill,
Inc. 1957,

(This material is based on the article "Transistor Amplifiers for Medical
Recording,” by D. W. R. McKinley and R. S. Richards, Electronics,
August 1, 1957.)
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CIRCUIT 3-13

SELF-BALANCING PUSH-PULL CLASS A OUTPUT STAGE
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EACH HALF OF THE PRIMARY
OF THE TRANSFORMER.

Circuit 3-13 - Self-balancing push-pull class A output stage
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Circuit 3-13, Self-Balancing Push-Pull Class A Output Stage (cont'd.)
American Bosch Arma Corporation Contributed by J. Tellerman

Circuit 3-13, shown in two forms, is a push-pull Class A output stage
using two medium power transistors of the same type. The transistors
need not be matched to achieve balanced operation.

The feature of the circuit is that balanced operation can be achieved
without requiring matched transistors. In both (A) and (B), Q,is a
grounded base stage. The a.c. emitter input impedance of Q, is much
lower than the 2.4K biasing resistor. Thus the a.c. collector current of
Q; flows through the emitter of Q,. Since ag, of any transistor is nearly
equal to unity, the collector current of Q; is therefore nearly equal but out
of phase to that of Q,, and balanced push-pull operation results.

In (A), Q, is stabilized by collector-base shunt degeneration. In (B),
Q, is stabilized by series emitter degeneration.

The circuit may be used with either germanium or silicon units.
Even for transistors of widely differing characteristics, a good balance
can be maintained. The circuit can only operate Class A,

The circuit values are for medium or low power transistors. For

high power applications this Class A approach is somewhat impractical
because of the high power loss in the d.c. bias arrangement.
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CIRCUIT 3-14
75 WATT AUDIO AMPLIFIER

Univ. of Cincinnati Contributed by Alexander B. Bereskin

Circuit 3-14 is outstanding from the standpoint of high power output.
The circuit is capable of producing 75 watts over an extended frequency
range with a distortion less than 2%.

The output stage is operated in Class B to minimize transistor dis-
sipation, and the minimum possible forward bias is used to avoid cross-
over distortion. Approximately 25 db of feedback is used to correct the
nonlinearities. The margin of stability is greater than 12 db.

A low level n-p-n transistor, Q,, is direct-coupled to the driver p-n-p
transistor, Q. The driver transistor is in turn coupled through the driver
transformer, T,, to the output stage transistors, Q3 and Q,. An output
autotransformer, T,, is used to couple the load to the output transistors.
With this arrangement, the collector of Q, is at approximately the same
d.c. potential as the emitter of Q;, and a direct-coupled feedback network

1000 +28V
+[Cp
:‘[-ISOOAH

Q2
2N352 B
Ry ’ —0
150K
8a
* Q —— —0
¢ i 2niTs * OUTPUT
[ e
+1(— Q
o— 2N365
auf
R
4 4a
R3=ﬁfb 1.5K ——AANAN/ R 4
0.56 a 5 GND
100
Ctb
c R
INPUT 3 L
L0036 pf Oyt
S| !
B2 Rg Ry Qq
220 400 n_ 400 n 2NI174
O _ —— -4
% REFER TO TEXT FOR -
TRANSFORMER INFORMATION

Circuit 3-14 - 75 watt audio amplifier
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Circuit 3-14, 75 Watt Audio Amplifier {(cont'd.)

is connected between them. The feedback resistor controls the low and
middle frequency feedback, while the capacitor controls the high frequency
feedback. The two transformers are bifilarly wound, and their construc-
tion is briefly described later. The bifilar winding reduces the leakage
inductance which causes undesirable transients or crossover distortion
when the conducting transistor is cut off.

The output stage is biased by the d.c. current flowing through the 0.56
ohm resistor, the driver transformer secondaries, and the two 400 ohm
resistors. Temperature compensation may be had by using a thermistor
in place of the 0.56 ohm resistor. To minimize the possibility of thermal
runaway, the transistors are mounted on heat sinks as specified by the
manufacturer.

The input and output transformers are wound on standard transformer
laminations, and the laminations of the output transformer may be fully
interleaved. The low leakage inductance of the driver transformer is
attained by winding the primary in two equal sections with a single layer

bifilar secondary sandwiched between them. The primary of the driver
" transformer carries d.c. current, and this must be taken into account in
its design. The output transformer consists of a relatively small number
of turns of parallel wires suitably insulated from each other. The col-
lector terminal of Q4is used as a common output terminal, and taps may
be brought out to match any impedance up to 16 ohms. The upper fre-
quency is usually limited by the transistors rather than by the trans-
formers.

The amplifier as described provides near perfect linearity and low
distortion over a dynamic range of 70 db. If full power is not required,
45 watts can be obtained with an 8 ohm load, and 22 watts can be obtained
with a 16 ohm load, connected to the 4 ohm tap; this procedure results in
decreased distortion. The output impedance of the amplifier is less than
1 ohm for good damping. A power supply of good regulation is required;
28 volts at 4 amperes is required for full power output. Response to
30,000 c.p.s. should be obtained with the heavy feedback used. The input
resistance of the circuit as shown is approximately 50K; there is a slight
variation with frequency.

This amplifier is selected to demonstrate the high power capabilities
of present circuits. Although special transformers are required, simpler
circuits are possible if power and distortion criteria are not as stringent.
This amplifier is primarily a room temperature device, but as such it
provides a miniaturized circuit usable for applications normally reserved
for vacuum tube amplifiers. The savings in heat, size, and weight with the
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Circuit 3-14, 75 Watt Audio Amplifier (cont'd.)

use of transistors may be had at high power levels, as well as in low level
equipment. This amplifier should find use primarily as a high fidelity
public address unit, and in this capacity it employs transistors at a power
level well above that normally associated with these devices.

The weight of the amplifier is determined largely by the transformers
necessary to satisfy the low frequency requirements of the application.
The transformers specified below resulted in a power output, with 2%
distortion, of 60 watts at 20 cycles and 75 watts above 40 cycles.

Output Transformer, T,:

#14 FV Wire - 100 turns of 2 parallel (bifilar) strands, layer wound
with one thickness of 0.005" Kraft paper between layers of wire. Core -
2" stack of El-1-1/2"-0.016".

Dynamo grade laminations were used. The laminations were 100%
interleaved. A better grade iron may be used to some advantage.

Driver Transformer, T,:

Primary - 260 turns total of #27 FV wire wound in two sections of
130 turns each, one section below the secondary and the other section
above the secondary. Secondary - 40 bifilar turns of #23 FV wire sand-
wiched between the two primaries. Core - 1-1/2" stack of El1-1-1/4"
grain oriented laminations. The laminations are butted (not interleaved)
without any spacer in the air gap.

(This material is based on the article ""A High Power High Quality Tran-
sistor Audio Power Amplifier,'" by Alexander B. Bereskin, 1957, IRE
Convention Record, Vol. 5, Part 7.)
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CIRCUIT 3-15

HIGH GAIN SERVO AMPLIFIER

Transitron Electronic Corporation Contributed by G. Wyntjes

The amplifier shown in Circuit 3-15 was designed for high reliability
in low frequency servo applications. Silicon transistors are employed to
extend the high temperature operating range. Performance is essentially
independent of temperature changes between -65°C and 100°C, supply
variations of £+20%, and the interchanging of transistors.

The amplifier is a 5-stage amplifier, the first three stages giving
current gain and the last two stages power gain. The three intermediate
stages are coupled by means of forward biased diodes; this reduces the
number of capacitors in the circuit to two. The first four stages are in
Class A operation, the output stage is in push-pull Class B operation.
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Circuit 3-15 - High gain servo amplifier
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Circuit 3-15, High Gain Servo Amplifier (cont'd.)

Stability is achieved with three feedback loops. The d.c. stabilizing
loop, bypassed by a 60 uf tantalytic capacitor, is connected from the
emitter of the driver stage to the base of the input transistor. A second
feedback loop is connected from the collector of the driver transistor to
the input emitter; the feedback factor is variable, providing variable gain.
This feedback loop increases the input impedance of the first stage, and
the amplifier should be driven by a source impedance of less than 500
ohms to make this feedback effective.

By applying the feedback to the base of the first transistor, the
amplifier can be fed from high impedance sources. This can be done by
omitting the second collector-emitter feedback and by adding a variable
resistance of 100 ohms in series with the 60 uf capacitor.

The third feedback loop is from the output to the emitter of the
driver. This gives reduced output impedance, less distortion, and com-
pensation for variations among transistors.

There is another local shunt a.c. feedback from the collector to the
base of Q, to reduce any instability at high frequencies. The output stage
derives its bias from a forward-biased diode, CR,, for temperature
compensation.

The transistors of the output stage are fed from a full-wave unfiltered
supply. With the signal frequency in phase with the power supply frequency
(this occurs in most servo applications), an efficiency of 80% at full output
can be attained. (See Circuit 3-16.)

This amplifier is useful over a wide range of servo applications, and
should find application where a reliable, wide temperature range circuit
is needed. Stability of the circuit is excellent, and the gain may be varied
to suit application. Either a 60 c.p.s. or 400 c.p.s. supply and signal may
be used.
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CIRCUIT 3-16

HIGH EFFICIENCY SERVO OUTPUT STAGE

Boeing Aircraft Company Contributed by Bruce M. Benton

Circuit 3-16 is a high efficiency servo output stage. Efficiencies
approaching 100% are possible, and actual efficiencies of 90 to 95% have
been obtained. It is identical to the conventional Class B amplifier, except
that the collector power for the transistors is derived from full-wave
rectification of the servo power supply.

The transistors with unfiltered full-wave rectified power operate with
maximum full-load efficiency because the wave shapes of the load voltage
and the supply voltage differ only by the saturation voltage of the transistor.
This is illustrated in Figure 3-16.2(A), where the voltage drop V. across
the transistor at full load is shown for the one-half cycle of a given tran-
sistor. Figure 3-16.2(B) shows the same transistor voltage drop for pure
d.c. collector supply power as found in conventional Class B amplifiers.

T0
A-C SERVO
POWER SUPPLY

.
] Q 3 4
4:1 y CR, - Cy |
2
2N359
s
ALL OIOOES
SIGNAL ST
300 OHMS ) 2
@ 50 mAac Q2 I:2.25
A.C.LOAD
2N359 2 ¢ A.C.MOTOR

KOLLSMAN
1623 B ~ 0410110

Circuit 3-16 - High efficiency servo output stage
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Circuit 3-16, High Efficiency Servo Output Stage (cont'd.)

The area between the two curves in each case gives an indication of the
power dissipated in the transistor, and it is clearly much smaller in the
case of Figure 3-16.2(A).

Maximum efficiencies of 95% at full load can be obtained. The maxi-
mum collector dissipation occurs at 1/4 power, and is 25% of full load
power as compared to 40% for a Class B stage. Thus, the high efficiency
stage is capable of 1-1/2 times the power output of the same stage oper-
ated in Class B.

A method of applying this amplifier té d-c loads is shown in Figure
3-16.1. The circuit amplifies and rectifies the servo error signal to
supply a d-c voltage across controller loads 1-2 or 3-4, depending upon
the phase relationship of the power source and the error signal. This
circuit has the advantage of low drift associated with a.c. systems;
straight d.c. control amplifiers are subject to the drift found in d.c.
amplifiers. For maximum efficiency the loads should be resistive. If
necessary, smoothing capacitors may be used as shown. This will, how-
ever, result in decreased efficiency. Complete smoothing will result in
Class B operation.

The output stages shown operate well over the frequency range nor-
mally found in servo applications. The amplifier operates well with
distorted a.c. power sources, such as transistorized square-wave power
inverters. A 20 watt amplifier can be made, using transistors with rated
dissipation of 5 watts or more; reliability is greatly improved over Class
B stages using the same transistors at the same power levels. The circuit
is useful with any of the readily-available power transistors, and is of
great value in any servo applications. This scheme of high efficiency
operation may be applied to most of
the Class B servo amplifiers found
in the literature and in practice,

|
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|
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Fig. 3-16.1 Fig. 3-16.2 - Supply voltage phase
in deg.
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Circuit 3-16, High Efficiency Servo Output Stage {cont'd.)

and in many other single frequency control applications such as voltage
regulators and (transistor equivalent) magnetic amplifiers.

(This material is based on the article "Servo Amplifiers Use Power
Transistors," by Bruce M. Benton, Electronics, September 1956.)

Reprinted from Electronics, September 1956; copyright McGraw-Hill,
Ince. 1956,
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PART 4
HIGH-FREQUENCY AMPLIFIERS

Section 1. Design Philosophy

A, Introduction

This section deals with topics of importance to the application of tran-
sistors to high-frequency band-pass and video amplifiers.

B. Egquivalent Circuits

There are a variety of equivalent circuit representations of transis-
tors (1), ranging from the extremely simple in which accuracy may suffer,
to the accurate but complex and quite likely useless. The choice of equiv-
alent circuit is one of compromise between accuracy and reasonable
utility. One would like the equivalent circuit to be as simple as possible
within the desired range of accuracy.

Equivalent circuits, based on theoretical models of the junction tran-
sistor, have the advantage of relating the elements of the equivalent circuit
with the physical properties of the transistor. These equivalent circuits
generally have a common origin in a model such as shown in Figure 4-0.1.
An ideal one-dimensional transistor, called the intrinsic transistor, is
first considered. To the intrinsic transistor are added the extrinsic ele-
ment r o, r ¢, ry, Cio, and C,. and possibly parasitic elements such as
stray capacitances.

In turn, r s and r_+ represent ohmic resistances of the emitter and
collector regions. These usually are not important in alloy-type transis-
tors, but may be important in
diffused-base type transistors. The
base spreading resistance, ryv,may
be complex in grown junction type M
transistors (2). Both C,_  and C '
are the emitter and collector deple-
tion layer or transition capacitances,.
In ordinary alloy transistors, C,. o
is usually negligible, but may be
important in diffused-base type tran-
sistors, due to the low resistivity of
the base regionnear the emitter side,.

il

Intrinsic

o

Exact equivalent circuits (4,5) Fig. 4-0.1 - Model of
require r_ transmission line to transistor
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represent the diffusion of minority carriers across the base region and
are therefore too complicated, The differences in equivalent circuits then,
based on the model of Figure 4-0.1, come about in the approximations used
to derive a simple equivalent circuit.

Figure 4-0.2 shows a high-frequency, common-base equivalent circuit
derived by Scarlett (6), and the hybrid-7 common-emitter equivalent cir-
cuit of Giacoletto (7). Figure 4-0.3 shows an equivalent circuit for a dif-
fused base transistor having a mesa-type structure (8). Capacitors Cg_,
C.p» and C__ are parasitic capacitors. C_: is the collector-depletion
capacitance of that part of the collector that is under the emitter stripe
and r_ is the collector body resistance for that part that is under the
emitter stripe, while C_» and c_» are the collector depletion capacitance
in collector body resistance for the portion of the collector that lies out-
side of the emitter stripe, and r_' is the emitter body resistance; not to
be confused with r_ + of Figure 4-0.2(A).

Thomas and Moll (9) have shown that the common-base short-circuit
current gain alpha may be accurately expressed as

[ K-1
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fa.b

4.0.1
_L N R )l__:, where
H (4
Ee Lwﬁ}— K - lee

_o.81 LA C T (1 - abo) fab
d e
b an o

Tej 219/,
ab

(A) High-Frequency Common-Bose Equivalent Circuit

3
AY e
71 b
A
b [ b Q .
%" VWA N ANV r¥ -0 NI
T %'c i Al
<
v Ve Qo —— im Ve - .
be b Saye A Cbre b % . . )
|
b L L Ml
O é - <\
¢ 1.2 g ~ r&c.,. TNE,
T e T i 3
1-a.) o f %
— .
S'e “
Cote = Ce A pm
a. ot
®) Mybrid 7 Common-Emitter Equivalent Circult 1o iy

Fig, 4-0.2 - Small signal equivalent Fig. 4-0.3 - Equivalent circuit for
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and

is the low-frequency short-circuit common base current gain

is the frequency at which the magnitude of o is 3 db below a, ,

f is the frequency at which the magnitude of the common emitter
short circuit current gain, a_, is 3 db below its low frequency

value, Coge

K in equation 4-0.1 depends on the base layer purity distribution. For
uniform base layer distribution, K is 0.82 and decreases for built in fields
corresponding to the decrease in purity concentration from emitter to
collector. In Figure 4-0.3, m in the expression for alpha corresponds to

- (K-1/K) of equation 4-0.1.

The use of equivalent circuits may be avoided in some instances and
accurate results obtained by using measured terminal characteristics.

C. Power Gain and Stability

The non-unilateral nature of the
transistor, i.e., the internal feed-
back, complicates gain relation-
ships, makes the input and output
impedances functions of load and
source impedances respectively,
and may lead to instability. (This is
not intended to imply that unilater-
alized transistor circuits may not
be unstable.)

Gain and instability will be dis-
cussed with reference to Figure
4-0.4 which represents the tran-
sistor in terms of the small signal
Y parameters, Y, is the load admit-
tance and Yg is the source admit-
tance. The Y parameters are those
appropriate to the transistor con-
figuration, i.e., common emitter
parameters for common emitter
configurations, etc.

In Figure 4-0.4(B), expressions
showing the dependence of input and
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output admittances on load and source admittances are given. This depend-
ence arises from the non-unilateral nature of the transistor and would dis-
appear if y;, were zero (or if yo1 Were zero in which case the gain would
be zero also). An expression for power gain is also given.

The power gain is maximum when the source admittance is the con-
jugate of the input admittance and the load admittance is the conjugate of
the output admittance. Under these conditions, the maximum power avail-
able from the signal source goes into the transistor input and the maximum
power available from the transistor is applied to the load. The relation-
ships for conjugate matching at input and output (10) are given in Figure
4-0.4(C). The numerators in the expressions for A and B may be recog-
nized as the real and imaginary parts respectively of Y12 Yo1-

If the transistor is unilateralized, then N; becomes unity, N, becomes
zero, and the expressions of Figure 4-0.4(C) may be written

!

Yin = Y11’ Yout =~ Y22

2 4-0.2
|Y21’|

Py (max) © 4g22' 811"

where the primes signify that the parameters apply to the unilateralized
transistor circuit arrangement and are not those of the transistor.

Another useful gain relationship is the transducer gain, defined as the
ratio of power delivered to the load to the power available from the input
signal source. In terms of the Y parameters, the transducer gain is given
by

2
|3’21| 4Gg G
GT = > 2' 4-0.3
|(y22 + YL)(YH + YG) -~ Y12 y21|

The conjugate matching at input and output, G becomes identical with the
power gain expression given in Figure 4-0.4(C).

Mason (11) has derived an expression for power gain with loss-less
unilateralization, which is much used as a standard for comparison in
evaluating neutralizing arrangements in transistor amplifiers in general.
This gain function

2
U = Iy21 - yial 4-0.4
4 (211822 ~ 812 821)
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where
g is the real part of Yij

is the same, regardless of the external loss-less passive network used for
unilateralization and is independent of the set of transistor parameters
used (common base, common emitter, common collector).

An amplifier is potentially unstable if passive terminations can be
found to cause it to oscillate. From the gain expression of Figure 4-0.4(C),
it is seen that unless g,; and g,, are positive, the gain may become
infinitely large, implying oscillation. So two of the requirements for un-
conditional stability are

With g,; and g,, positive, instability may still be possible due to internal
feedback. In Figure 4-0.5, Figure 4-0.4(A) is redrawn to show the input
admittance of the amplifier loaded at both ends. If the real part of y;

can be made negative by adjusting the external loads having positive real
parts, the amplifier is potentially unstable, for then the imaginary part of
Y; may be adjusted to make the amplifier oscillate, as far as the input side
is concerned, as a two-terminal negative conductance oscillator. Similar
statements could be made regarding Y/, but it is only necessary to con-
sider Y; or Y . as the conditions for stability in terms of the transistor
parameters come out the same in both cases, For the amplifier to be un-
conditionally stable, then, in addition, the requirements of inequalities of
equation 4-0.5, there is the further requirement that for any load and
source admittances having positive real parts, the real parts of Y; shall

bé positive.

The requirement that the real

part of Y; be positive for uncon- Ly, ig
ditional stability is expressed as I M e (I
int S v, e oy Vivyn Ve v A8 T',
2 2 ¢
g11'(8227)7 * g117(byy7) Yooty =
- g22:Re (y12 Y21) 4-0.6 yi",-yu'-%'!:,# vy sliibii
- byyr [Im( )2 >0
22 miyja2¥21 ’ whete oy’ mya oY
22’ Tyee *Y,
where o

Re (y,,¥,;) means the real part Fig. 4-0.5 - Model used to explain
of (yy12Y21) and potential instability
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Im(y,, y,;) means the imaginary part of (y;5¥,1).

By adjustment of B, b'22 (equals b,, By ) may take on any real value.
When

Im(y;2¥21)

bhat = 4-.0.7
22 2811'
Equation 4-0.6 is minimized to give
2 0
411 822’ (8117 8227 — Re(¥1,¥,)] > [Im(yy5y,))] 4-0.8

as the requirement for unconditional stability to the amplifier loaded with
conductances G; and G;. The requirements for unconditional stability are
most severe when G; and G; are zero, for which equation 4-0.8 becomes

2
4g11 897 (€11 895 — Re(yy2¥21)] > [Im(yy,v,))] 4-0.9

The relationship of equation 4-0.9 can be expressed in a number of
equivalent forms listed below

2
4g11 897 (811 897 ~ Re (yy2y21)] > [Im(yy5v,y)) 4-0.9 (4)
€11 822 > 1¥12¥21] * Re (y12¥21) 4-0.9 (B)
VE11822 ~ Re vy 5¥9, 4-0.9 (C)

211820 7 ly12y21| (1 + cos 6) 4-0.9 (D)

where

1 Im (Y12 Y21)

6 = tan~
Re (Y12 Y21)

Re(yi,,)Imin >0 4-0.9 (E)
Re(yout)lmin >0, 4-0.9 (F)

The stability problem has been discussed by many authors (11-18).

1f the inequalities of equations 4-0.9 and 4-0.5 are not met, then the
amplifier is said to be potentially unstable. This does not mean that it
will be unstable, but that source and load admittances may be found for
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which it is unstable. For narrow band tuned amplifiers, it is safe to as-
sume that if the amplifier circuit is potentially unstable, it is going to
oscillate.

By inserting transistor parameter values into equation 4-0.9, the fre-
quency ranges in which the transistor is potentially unstable for a different
transistor configuration, this may be determined. Scarlett (6) has done
this, using approximate high frequency parameters and finds that the com-
mon base, the common collector configurations are potentially unstable
over the range of frequencies for which the high frequency parameters
are a good approximation.

The common emitter configuration may be unconditionally stable above
a critical frequency given by Pritchard (2,19) as

. 0.4rel

w . =
crit

o W,y - 4-0.10
Thus, narrow band RF amplifiers using transistors in the common
emitter configuration will be stable without neutralizing when operated at
frequencies greater than w.. it There are some cautions to be observed,
particularly in case the amplifier stage is AGC controlled, for if the emitten
current is controlled by the AGC signal, as is frequently the case, then
@w..;¢» being proportional to r_ .+ and therefore inversely proportional to the
emitter current, will be a function -of the AGC signal, If the AGC signal
places «_ ;. above the operating frequency, the circuit may oscillate.
Also, in such an amplifier, relying on operation above w for stability,

crit
it would not do to substitute a transistor having a higher alpha cutoff fre-

|
quency for the design type without considering what the new critical fre- i
quency would be, The common emitter transistor is also unconditionally [
stable at low frequencies, up to something in the neighborhood of (1 -a, ) i
(w,,). There is then, a frequency band where the common emitter con- |
figuration may be potentially unstable.

If equation 4-0.8 is written as

(211 * Ge)(ga2 * G) = k Ulyg,yp1] + Re(yypy,0] . 4-0.11

where k > 1, then the amplifier is stable, but the likelihood of instability
decreases as k is made larger. It is seen that the amplifier can be
stabilized to any degree desired by making G; and G, sufficiently large.

Studies have been made (15) to determine the optimum values of Gg
and G, yielding the maximum power gain for a given value of stability
factor k. Values of k up to 10 may be desirable, taking into account tol-
erances of transistor and circuit parameters, effects of temperature,
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AGC, etc. The analysis is quite complicated for the single stage, and
much more so for multiple stages. Increasing stability by increasing k
results in a decrease in the maximum gain obtainable, but it does not fol-
low that a gain reduction obtained by arbitrarily floating the amplifier
results in increased stability.

The high frequency gain of ordinary alloy type transistors has been
given by Pritchard (2), and Giacoletto (7) as

5 fab E€m

G, X 5 = — 4-0.12
25 f CC ry! 4w Cb'e Cb'c Top'

where 0.05 - 0.1 < w/w,, < 2.

The maximum frequency of oscillation is given as the frequency at
which the power gain is unity from equation 4-0.12, then

¢ 2 %
_ a’o ab 1 E€m
fmax - [25 Cc rbZI - 477 <rbb' Cb'c Cb'e 4-0.13

is a useful figure of merit,

For high frequency operation, f___

D. Unilateralization and Neutralization

All three transistor configurations are potentially unstable in some
part of the useful frequency range. In the preceding section, it was shown
that stability may be achieved by introducing losses. This, however, does
not remove the dependence of input and output impedances on load source
impedances. This dependence on load and source can lead to difficulties
in alignment of tuned circuits, or distort the shape of the bandpass charac-
teristics. Neutralization or unilateralization circuits are often used to
stabilize the transistor and should reduce or eliminate the dependence of
input and output impedances on source and load.

In unilateralization, the feedback parameter of the unilateralized cir-
cuit (y;,, hy,, etc.) is made zero. Neutralization is a similar technique
carried to the extent necessary to achieve a desired result., For example,
making an amplifier stable while allowing some dependence of source and
load on input and output impedances. Under this sort of a definition, neu-
tralization would include unilateralization.

Angell (20), Chu (21), and Stern (13) have discussed neutralization and
have given a number of circuit arrangements, The approach used in ref-
erence 13 to explain unilateralization is outlined below.
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The transistor in a given configuration is represented by

D, ki1 kyo J1
= x 4-0,14
D, ko ko2 J2

(For example, in terms of the common emitter parameters, k.. = y....
. & . P ij ije
D1 = 1y D2 = les J1 = vbe’ J2 = vce‘)

A network (usually passive but not necessarily so) described by

Dy ki1t kyp Iy 4015

X
Dy kayr kap Ty

is connected to the transistor in such a way that J,' and Iy equal Jl and
J2 respectively.

The composite network represented by

D" kyptkyy' kyptkgo Iy
= X
D," kgy tkay' kap tkoy' I,
4-0.16

is unilateral if it satisfies the fol-

lowing
= KN :
kypg + kyp' = 0. 4-0.17 'r_ﬂ ¢
o

The requirements for uncondi-
tional stability for the unilateralized
composite network reduced to

Re (ky; t kyy') >0
4-0.18
Re (k,p t kyp') > 0.

Some methods of interconnec-
tion of the transistor in neutralizing
network are shown in Figure 4-0.6.
Some practical neutralizing ar-
rangements are shown in Figure (D) y-TYPE NEUTRALIZATION
4-0.7.

Fig. 4-0.6 - Some methods of inter-
The wunilateralized transistor connection of transistor [T] and
may be unstable if inequalities of neutralizing network [N](13)
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Fig, 4-0.7 - Some practical neutralization circuits

equation 4-0.18 are not met. Cote (22) has considered this problem and
notes that the common base h type neutralization of Figure 4-0.7 (A) may
be unstable at high frequencies as h,, (or z,,) of the common base tran-
sistor configuration frequently has a negative real part, Cote has also
taken into account practical transformer effects and calculated optimum
parameter values for various unilateralization networks to yield maxi-
mum gain.

E., High Frequency Noise (23 to 31)

Neilson's (25) simplified noise equivalent circuit of Figure 4-0.8 and
the noise figure expression which it yields, namely

f e 2
(1 -a )] |1+ R +r,: +
rb: r ofb Vl - Qa fb f b e rb re] 4-0.19
Fp, =F, =1+ +_2+ 25 2
Rg 2Rg 2aofb r, Rg
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vails over the low frequency flicker

noise, i.e., above a few kilocycles.

Neilson's simplifications relative
Fig. 4-0.8 - Simplified noise equiv- {4 the results of van der Ziel (23)

alent circuit (25) and Guggenbuehl and Strutt (24) for

example, are mostly the neglect of
the correlation between emitter and collector noise sources. The diffusion
capacitance is shunting r_ and frequency dependence of the emitter noise
source. Despite the simplifications, Figure 4-0.8 and equation 4-0.19 rep-
resent quite well the noise behavior of ordinary junction transitions up to
the alpha cutoff frequency.

From equation 4-0.19, the noise figure (ratio of the total output noise
power to that part of the output noise power due to the driving source ther-
mal noise) is seen to be constant from low frequencies up to a frequency
comparable to v1 - a_ f,, where the noise figure commences to increase
eventually in proportion to f2 (6 db per octave) at high frequencies. The
frequency behavior of the noise figure is sketched in Figure 4-0.9. The
noise figure for the common collector configuration is similar to that
given by equation 4-0.19, except that it becomes flat again above the alpha
cutoff frequency.

It is apparent from equation 4-0.19 that for a given source resistance,
and at a given frequency, there is a corresponding optimum value of emitter
resistance (or emitter current) that will minimize the noise figure. If both
emitter current and source resistance are optimized, and if alpha were
independent of emitter current, equation 4-0.19 would indicate that I
should go to zero, but of course this cannot be because alpha does decrease
at small emitter currents and also effects of collector and emitter satura-
tion currents are not included in equation 4-0.19. For ordinary alloy type
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transistors, the minimum noise figure does call for small emitter current
(fraction of a milliampere typically).

The transistor requirements for low noise operation are the same as
those for good high frequency power gain; i.e., a, close to unity, ry, small,
and f_ high.

The bias conditions for graded base type transistors in which the
emitter transition capacitance is appreciable will be somewhat different
than indicated above. In these types, the cutoff frequency will be depend-
ent on emitter current to a greater extent than was the case of ordinary
uniform base types in which the transition capacitance is small. The cut-
off frequency of the graded base type increases with emitter current until
the transition capacitance is swamped out by the diffusion capacitance
(proportional to IE) or high level effects set in, Taking this dependence
of frequency response into account, and in considering equation 4-0.19, it
is seen that graded base type transistors will then require a larger emitter
current for a minimum noise figure. Both types call for a high collector
voltage to the extent that this increases the cutoff frequency.

The common emitter configuration has the advantage that the source

resistance required for minimizing noise is nearly that for which the gain
is a maximum for frequencies in the flat portion of Figure 4-0.9.

F. Automatic Gain Control

Automatic gain control (AGC) may be accomplished in transistor am-
plifiers by: 1) controlling bias conditions with the gain control signal (32);
2) elements external to the transistor acting as an attenuator controlled
by the AGC signal (33); and 3) combinations of 1) and 2) (34).

The most common method of AGC is that in which the bias conditions
of the transistor are controlled. The gain may be reduced by reducing the
emitter current or the collector voltage; the latter finds little application,
however, for in order to reduce the gain, the collector voltage must be
very low, which results in an increase in collector capacitance and a re-
duction in cutoff frequency. The input and output impedances change con-
siderably with change in bias conditions, while the matched power gain
remains fairly insensitive so gain control is achieved primarily by mis-
match. The AGC control stages should be designed for optimum perform-
ance for the condition of minimum AGC signal when the greatest gain is
desired.

In order to limit distortion, AGC control stages must be those having
low signal levels, since their signal handling capabilities may be much
reduced. Careful consideration must be given to the power which is
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necessary to drive the control stage (the better the bias stability the
harder it is to drive). A considerable amount of power may be required
from the AGC source to control emitter current directly. Therefore, it
is common practice to apply the AGC voltage to the base of the transistor
being controlled and use the transistor as a d.c. amplifier of the gain con-
control signal. A separate d.c. amplifier may be used to augment the
power available from the AGC source.

When the AGC signal acts to alter the bias conditions in controlling
transistor gain, this is reflected as a shift in bandwidth in center frequency
due to changes in input and output impedances. For example, in a common
emitter stage decreasing Ig to reduce the gain results in an increase in
input resistance and capacitance, to reduce the bandwidth of a parallel
tuned circuit (due to increased Q) and shift the center frequency upward.

Hurtig (34) has developed a circuit to limit changes in bandwidth by
placing a diode in parallel (to a.c.) with the emitter diode of the transistor
and dividing the signal current between the diode and the emitter in accord-
ance with the AGC signal in such a way that the conductance of the combina-
tion remains constant. This circuit is quite successful in maintaining band-
width although the frequengy shift problem remains.

Chow and Lazar (33) have devised an AGC circuit which does not in-
volve controlling transistor bias, and which may control a signal exceeding
the dynamic range capabilities of the first stage, reduce the next stage gain
below unity and requires little control power. Their circuit consists of a
bridge utilizing reverse biased silicon diodes as variable capacitances con-
trolled by the AGC signal. The transistor in the controlled stage acts as
the detector of the bridge. One of the bridge diodes is reverse-biased at
the maximum anticipated AGC voltage and the reverse bias on the second
varies with the AGC signal; being very small at minimum AGC and approach
ing the reverse bias applied to the first at maximum AGC signal. Thus,
with minimum AGC signal, the bridge is greatly unbalanced, with most of
the power being coupled to the transistor amplifier. Then, as the AGC sig-
nal increases, the bridge output decreases as balance is approached.

G. Tuned Amplifier Interstages

The function of an interstage network is to match input and output cir-
cuit impedances, provide a desired bandpass, or both. Some typical inter-
stages are shown in Figure 4-0,10.

The interstages of most tuned amplifiers, except those with exacting
specifications, can be designed with conventional techniques (35, 36, 37).
The commonly used circuits are the single and double tuned transformers.
Attached primary and/or secondary is often used to limit the effect of
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transistor capacitance changes and
to afford a means of impedance match.
|

4 This can also be done with a capaci-
i tive rather than an inductive tap.
T SIS Specially prepared design charts
CLOSE COUPLING may often be of great help in inter-
(A) SINGLE TUNED INTERSTAGE stage design (38). Very narrow

bandwidths can be achieved using
crystal or ceramic interstages.

’/M\ 1T
= ’L ( L@% H. Video Amplifiers
1

fsv-mss Let us now consider the spe-

cial problems inherent in the design
(B) DOUBLE TUNED INTERSTAGE (INDUCTIVE COUPLING) of the broadband, or video' ampli_
s fier. In this type of amplifier the

transistor plays a determining role

LSt t Ace in the limitations on bandwidth. The

maximum power gain decreases
with the frequency of operation,

close orpass reaching unity at a frequency desig-
COURLING I nated f__ . This is a fundamental
upper limit on the operating fre-
quencies usable.

(C) DOUBLE TUNED INTERSTAGE (INDUCTIVE COUPLING)

“ig. 4-0.10 - Examples of typical

Interstages For a large number of tran-

sistors, the maximum power gain
f the transistor rises with decreasing frequency at a rate approximately
+ db per octave until it reaches a limiting value at low frequencies. This
‘alue of slope may be slightly different with some transistors; for exam-
le, it is approximately 4-1/2 db per octave in grown-junction units and
}-Aay exceed 6 db per octave at the high end of the frequency range of a
'raded-base unit,

If the upper cutoff frequency of the video amplifier to be realized falls
n the region where the slope of the maximum power gain is 6 db per
ctave and other considerations are not limiting, it is valid to use an am-
lification-bandwidth product as a figure of merit and look for ways to
rade gain for bandwidth in a reciprocal manner.

In general, this is a difficult thing to achieve in practice as it requires
mpedance matching devices such as transformers and the use of trans-
>rmers over wide fractional bandwidths is usually impractical, It should
e noted however that matching is required only at the amplifier cutoff
requency as there will be excess gain available below this frequency.
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Most design approaches tend to use an approximately iterative design
procedure where there is a considerable mismatch between stages. The
common emitter connection is most desirable for this approach and gain
is achieved because of the current gain, hy, . The fundamental limits on
cutoff frequency in this case are designated f,., the frequency at which
h¢, drops by 3 db, and fq, the product of high frequency h;,  and the fre-
quency of measurement; f . is approximately the frequency at which hg
is unity. Below f, the current amplification will increase to its low fre-
quency value at approximately 6 db per octave. In this case too, it is
valid to use the gain bandwidth product and attempt to trade gain for band-
width.

1f high load impedances are used, the terminal capacitances may pro-
vide a limitation on the bandwidth which may be obtained. In this case
there will be an RC cutoff frequency which prevents the achievement of the
desired bandwidth. The incorporation of terminal capacitance into inter-
stage networks may then be necessary. The use of peaking inductances is
an aid to reduce the effect of the shunt capacitance across a load impedance
due to the output capacitance of a stage and the input capacitance of the fol-
lowing one. In most cases where stages are repeated without impedance
transformations, the low input resistance of the following stage keeps this
relatively low shunt capacitance from being a major limitation on band-
width.

With the gain and bandwidth determined by the above transistor limita-
tions, the main design problem is that of obtaining the desired gain vs. fre-
quency characteristic which may be required to be flat or even to rise with
frequency. The problem, then, is to reduce the low frequency gain to a
value approximating the high frequency gain. There are basically two
methods available. One method is to incorporate the response correction
in the interstage coupling networks (39, 40, 41). The other is to reduce the
low frequency gain by the use of inverse feedback at low frequencies and
reducing this feedback as the higher frequencies are approached (42, 43, 44).

The first method used alone has the disadvantage that the low frequency
gain and f,_ of the higher frequency transistors is likely to vary more
from transistor to transistor than the high frequency parameters. How-
ever, some use of this method may have considerable advantages.

The second method has the advantage that the low frequency gain tends
to become independent of the transistors, but considerable care may be
necessary to prevent regenerative effects and instability at the higher fre-
quencies. Partially bypassed emitter bias resistors are commonly used
for this purpose where the high input impedance at low frequency may be
tolerated. Most authors on this subject recommend against loops includ-
ing more than two transistors because of the large phase shift when the
cutoff frequency is high.
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It should be noted that if the amplifier application can tolerate some

regeneration and if adequate stability can be obtained, the high frequency
gain can be increased by this means.

If the video amplifier is used to drive a cathode ray tube, rather high

output voltage may be required. In general, it may be observed that the
same collector voltage swings may be obtained in video amplifier circuits

as in lower frequency circuits, subject only to power dissipation and col-
lector breakdown voltage limitations. When higher output swings are re-
quired, it is necessary to have recourse to such methods as the push-pull
amplifier and the voltage doubler amplifier.

1.
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CIRCUIT 4-1

ONE STAGE NEUTRALIZED 455 KC LF. AMPLIFIER

Radio Corporation of America Contributed by Lova Plus

Circuit 4-1 represents a commercial radio-receiver i.f, amplifier

with center frequency at 455 k¢, embodying standard good practice of
design.

Circuit 4-1 is a single stage amplifier with a double tuned input trans-
former and a single tuned output transformer. The double tuned input
transformer, T,, is designed to provide the proper load (100K) for the
mixer or converter. The secondary of T, is tapped to provide the proper
mismatch to the input of the i.f. transistor 2N373 for stability considerations.

The single tuned transformer T, has a tapped primary, such that the
proper load is established for the output of the i.f. transistor and in turn

FROM MIXER OR
CONVERTER

#Tll'DOUBLED-TUNED IF TRANSFORMER, UNLOADED Q OF PRIMARY AND SECONDARY= 100, LOADED Q
OF PRIMARY= 50, TUNED RESISTANCE OF PRIMARY= 300,000 OHMS, LOACED Q OF SECONDARY=50,

TUNED RESISTANCE OF SECONDARY= 300,000 OHMS, REFLECTED RESISTANCE OF SECONDARY = 300,000
OHMS, SECONDARY LOAD RESISTANCE = 1850 OHMS, CO-EFFICIENT OF COUPLING = CRITICAL.

*‘Tzl SINGLE-TUNED L.F TRANSFORMER, UNLOADED Q=105, LOADED Q=50, REFLECTED RESISTANCE OF
SECONDARY AT TAP=2I,500 OHMS, SECONDARY LOAD RESISTANCE=1000 OHMS, TUNED RESISTANCE
AT TAP 21,500 OHMS.
TURNS RATIO
T T2

TOTAL SECGNDARY
TAP

TOTAL PRIMARY
TAP

3.9

— | 218

™e
SECONGARY s

Circuit 4-1 - One stage neutralized 455 kc i.f. amplifier R.C.A,
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Circuit 4-1, One Stage Neutralized 455 kc i.f. Amplifier (cont'd.)

provides the mismatch necessary for stability. The total mismatch (16.5
db) in both the input and output of the transistor combined provides a
maximum usable gain of 37.5 db.

The turns ratio, tap to secondary, is established so that the reflected
impedance of the detector in parallel with the tuned resistors of the pri-
mary at the tap provides the proper load for the i.f. transistor. A 180°
phase shift is provided in the transformer T, by a reversal of the sec-
ondary. This is necessary to provide a means of neutralization by means
of capacitor Cy, which couples a signal equal and opposite in phase to the
signal which is inherently coupled from output to input through the internal
feedback capacity of the transistor, thus providing neutralization.

A simple straightforward AGC system is included. With no signal
applied to the amplifier, the base of the transistor, and the junction of R,
and R, are negative and the emitter current is at its quiescent value of
about 1 mAdec. As the input signal to the amplifier increases, the detected
signal makes the junction point of R, and Rg go positive. Thus the base
bias voltage, the emitter current, and the gain of the stage will decrease.
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CIRCUIT 4-2

TWO STAGE 455 KC LF. STRIP

General Electric Company Contributed by E. Gottlieb

Circuit 4-2 represents a two-stage amplifier with a basic structure
similar to Circuit 4-1. The stages are not neutralized because the collector
to base capacitance of the transistors is very low. The stabilization of the
d.c. operating point and the basic AGC system used are the same as with
Circuit 4-1, except that voltage polarities are reversed because n-p-n
transistors are used. The diode CR; serves to extend the range of the AGC
control beyond the limitation imposed by the minimum gain of the con-
trolled stage. The d.c. load resistors of Q; and Q, are chosen such that
under quiescent operating conditions the diode CR; is back biased. This
diode is placed (with respect to a.c. signal) across the primary tank cir-
cuit of Q;. As the AGC action reduces the emitter current of Q,, the

AUTOMATIC cR AUTOMATIC
EX05460 /-\ EXO5460 AUTOMATIC .
T o T, EX0°3015 OR 856146

L2 __]

e e e

| — _ _—— ) I I
l
FROM MIXER o G)lussc
@zuzsa
Cq Cs
[ |
{ 19
o.uf 0. uf
Re M2
3zon o TO Auto
Yo W
- O GND.
I 1L
Ry R < =
LA 7 "
100K 47K 6.8 K
a0 N
O+ vV
_|©s P
Su
+T|z v Ry
NN

Circuit 4-2 - Two stage-455 kc i.f. strip

129



Circuit 4-2, Two Stage 455 kc i.f. Strip (cont'd.)

collector voltage will rise until CR, becomes forward biased and partially
shunts the i.f. signal to ground through Cg4, C,4, and Cs. The exact point at
which CR, becomes effective is adjusted by R, andR,. R,y and Cg serve to
filter the audio signal level before it is applied to the base of the transis-
tor for AGC control.
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CIRCUIT 4-3

STABLE WIDE BAND AMPLIFIER

Sanders Associates, Inc. Contributed by Ralph O. Goodwin

This design was necessitated by the need for an extremely stable am-
plifier in gain and phase, to operate at 10 mc with reasonable gain, over a
temperature range of -30°C to 65°C. The amplifier had to meet definite
design requirements which are tabulated in Table 1 below:

TABLE 1

R;, 500 + 50
R, 500 + 50

o
¢ error 1 at 10 mc
G error 0.2 db
Gp 30db + 1 db
Temp. -30°C to 65°C

o8 L
2888 " o YYTL__o_ 4y

g? _I; 2uf

U c 924/ 3zon 9
< Rq I 2 L?
1.8uh
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Circuit 4-3 - Stable wide band amplifier
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Circuit 4-3, Stable Wide Band Amplifier (cont'd.)

The main requirements were that the amplifier was not to drift or
deviate more than 0.2 db or 1° relative to another similar amplifier, and
that the amplifier input should terminate a 500 coaxial cable. Also it is
desirable to make the amplifier as versatile as possible so that it may be
used at other frequencies besides 10 mc.

To obtain the most gain from the least number of transistors, it was
decided to transformer-couple the transistors. The first stage uses an
LC design where L; C, and the input and output capacity of Q; and Q, tune
the open loop response to the frequency of interest. C, and Q, input
capacity are chosen so that the series input resistance of Q, appears as a
high parallel resistance across the collector load of Q,. This provides a
near match between transistors. L, is used as series peaking to improve
the high frequency cutoff point. L, may be adjusted for best high frequency
response if desired.

Resistor R; is used along with R, to maintain an essentially constant
input impedance to Q,.

T, is a toroidal transformer wound on Ferramic Q-2 material, #627-3.
The turns ratio is 40-8 to feed a 500 load and the ‘primary 40 turns can
also be slightly adjusted in number to affect the low frequency response.

Voltage feedback is provided from the secondary of T; through Rg to
R,. The ratio of R, to R, + Ry is the feedback ratio set to obtain 30 db of
gain. Feeding back to the first emitter at Q, will increase the input im-
pedance allowing R, to be used, which will determine the 50 input im-
pedance. C; must be large so as not to become part of the feedback loop
at R, and it must also remain a small impedance at high frequencies.

|
l
Two battery bias is used with small base impedance to ground, which |
provides a very small stability factor, S, for the amplifier. The transis- :
tors are operated at 2.5 ma and -6 volts, which yields a 15 mW dissipation. |
This is the maximum dissipation that can be used and still be operable at E
65°C. The highest voltage and current available was used to obtain the |
maximum gain from each transistor, ;
|

\

|

|

|

The feedback loop is opened and L, tuned to the frequency of interest,
in this case 10 mc. The gain open loop at 10 mc is typically 52 db, Clos-
ing the loop yields an amplifier that is flat within +1 db over a frequency
range from 3 to 30 mc at 30 db. This gives 22 db of feedback at 10 mc.

Temperature variations are applied from -30°C to 65°C while the
output of two units are differenced against each other. One unit is in the
oven or cold box while the other is kept at room temperature. The relative
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Circuit 4-3, Stable Wide Band Amplifier (cont'd.)

gain and phase difference variations measured over this temperature range
were equivalent to a maximum of 0.6° or 0.095 db at 65° and 0.81° or 0,12
db at -30°C. With more feedback applied at the frequency of interest,
greater stability can be realized.

The unit may also be operated at other frequencies by varying L,. If
the frequency at interest is changed radically beyond the adjustment of L,
then a new L; can be wound and the value of C, checked to be sure that
match is maintained. Tuning the open loop below 10 mc more gain will be
realized, tuning above 10 mc will yield less open loop gain. Thus the feed-
back margin will change at different frequencies, dependent upon where the
loop is tuned.

With this circuit a wide band amplifier is obtained with excellent phase
and gain stability at the center frequency of interest. The units can be
cascaded with bandwidth shrinkage the same as double tuned circuits.

When cascading it is best to place in series a 5000 resistor between R; and
the base of Q;. This reduces the gain less than 0.5 db and provides the
second amplifier a 50 impedance to look back upon.

The noise figure of 12 db is realized with 50() terminations present
on the amplifier as source and load impedances.
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CIRCUIT 4-4
R.F. STAGE FOR 3-BAND RECEIVER

Contributed by J. W. Englund

Radio Corporation of America

Circuit 4-4 represents the r.f. stage of a typical commercial-type
short wave receiver, covering the broadcast band and the short wave band
The amplifier uses drift transistor and embodies

up to 23 megacycles.
the best standard design techniques.
Broadcast, 4.75-11 mc,

The frequency is covered in three bands:
Each band is associated with a separate single tuned antenna

11-23 mec.

and output tank circuit., Tapped autotransformer coils are used on all

tank circuits except on the broadcast band antenna coil which is trans-
former wound on a ferrite rod. The taps on the antenna and r.f. trans-
formers are chosen such that the necessary gain is sacrificed for stability.
The mismatch is obtained by proper selection of these taps at the high end
of each frequency band where the transistor has inherently the lowest gain,
The usable unneutralized gain of the transistor is about 14 db at 23 mc and

increases at a rate of 6 db per octave with decreasing frequency.
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Circuit 4-4 - R.F, stage for 3 band receiver
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| Circuit 4-4, R.F, Stage for 3-Band Receiver (cont'd.)

However, the input and output impedances of the transistor increase
with decreasing frequency, which tends to equalize the effective gain
variations of the stage over each band. The tank circuits are tuned with
gang condensers and provisions are made for individual slug tuning of the
coils as well as individual trimmers on each band.

In circuit 4-4, the r.f. transistor (2N370) is biased in a conventional
manner with the voltage divider in the base circuit and a bypassed emitter
resistor. In the case of an actual receiver, means would be provided for
the application of AGC in the base network, in which case the selection of

the emitter resistor would be a compromise between d.c. stability and
AGC.

The mixer and oscillator circuitry is straightforward, and uniform
performance is possible over the entire frequency range.

The coil construction is specified in Figure 4-4.1.

ANTENNA INTERSTAGE
Tl L2 L1 LS L4 L3
coIL (Standard | (4.5 | (10.5| (Standard | (4.5 | (10.5
Broadcast | to 11.5 | to 23 | Broadcast | to 11.5 [ to 23
Band) Mc) Mc) Band) Mc) Mc)
Total primary turns 127 21 13 225 21 12
lst primary tap-
turns from bottom - 2 1 13 2 1
2nd primary tap-
turns from bottom - 7 4 - 6 6
Secondary turns 7 - - 12 - -
Wire size 10/38 #22 #24 7/41 #22 #24
Litz Litz
Coil diameter
(inside) - inches .33 5/8 3/8 1/4 5/8 3/8
Turns per inch 24 24 24 Univer- 24 24
sal

NOTE: Standard Broadcast Band Antenna Coil (T1) should be wound on an
8" x .33" ferrite rod.

Fig, 4-4.1 - Radio-frequency tuner circuit coil data



CIRCUIT 4-5

60 MC ILF. AMPLIFIER USING SILICON TETRODES

Texas Instruments, Inc. Contributed by Glenn E. Peniston
and Donald B. Hall

Circuit 4-5 has been selected to illustrate the use of silicon tetrode
transistors in the design of high-frequency i.f. strips.

The main features of this eight-stage i.f. amplifier were a maximum
gain of 105 db with a bandwidth of 20 mc at a center frequency of 60 mc,
with a maximum gain variation from room temperature of only -8 db at
85°C.

No neutralization of the amplifier was required. To insure stability,
mismatch in the interstage coupling networks was provided. A mismatch
ratio of 5:1 proved appropriate over the range of transistor parameter
differences. This resultant loss in gain was only 2.5 db. The coupling
method chosen was the transitionally-coupled double-tuned interstages
designed to provide the required 5:1 mismatch required for stability.

The proper biasing of the stage is important to insure optimum gain
and interchangeability of units. Measurements made on large quantities

Ta
o -2
@ 1% 3| £O-254  FoLLOWING
15-7 & STAGES
. Q mpl

T 3 0420V
FROM
PRECEEDING
STAGE

0-20V

# COEFFICIENT OF COUPLING=0.43
LF. STRIP CONTAINS 8 STAGES

Circuit 4-5 - 60 Mc i.f. amplifier using silicon tetrodes
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Circuit 4-5, 60 Mc i.f. Amplifier Using Silicon Tetrodes (cont'd.)

of 3N35 units show that this device has optimum gain characteristics at

an operating point of V. = 20 volts, Ig = -1.3 mAdc, and IB2 = -0.1 mAdec.
To insure adequate bias circuit performance from unit to unit under con-
ditions of large ambient temperature variations, a two-battery circuit was
employed. The negative supply was made 20 volts thereby providing a
symmetrical arrangement. Each transistor is biased common base even
though the RF circuitry is common emitter. The large resistors in the
emitter and base-two leads assure that the currents in these elements

will remain constant. These resistors are bypassed for signal frequencies
by appropriate capacitors. An additional 0.2 pf capacitor helps insure that
the bias point will remain constant with a pulsed input signal.

Circuit 4-5 shows a single stage of the eight-stage amplifier. All
stages are identical except for the input and output stages whose trans-
formers may be designed for the appropriate driving and load resistances,
respectively,
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CIRCUIT 4-6

NARROW-BAND SELECTIVE AMPLIFIERS

Hermes Electronic Co. Contributed by Carl R. Hurtig

In many modern communication and navigation systems, amplifiers
with extremely narrow bandwidths are required. If the ratio of center
frequency to overall bandwidth is large or the operating temperature
range is large, the use of crystal filters is indicated. Furthermore, a
marked performance improvement in the presence of interfering signals
results from the use of a passive, linear filter at the antenna of a receiver
or the first stage of an intermediate frequency amplifier.

In general, the use of a crystal filter requires a reasonable accurate
termination of the filter to preserve the desired attenuation characteris-
tics in the pass-band region. The stop-band attenuation is not influenced
by the termination impedances but by the filter network itself. Since stop-
band attenuations greater than 80 db can be achieved in a relatively small
size, adequate precautions in mechanical layout and shielding of the am-
plifier are required to preserve the stop-band attenuation of the filter.

Transistors can be readily used with crystal filters. The major re-
quirement is reasonably accurate control of impedance level. The Circuit
4-6 shows a two-stage amplifier with a standard crystal filter employed
in the interstage network.

FILTER
TYPE 10MB
ad OuT &

GND,

c
3¢ Suul
suuf L7

-[ 150u4n7

J1

Circuit 4-6 - Narrow-band selective amplifiers
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Circuit 4-6, Narrow-Band Selective Amplifiers (cont'd.)

The filter has a center frequency of 10.7 mc, a 6 db bandwidth of 15
kc, and a 60 db bandwidth of 30 kc. The attenuation characteristic of the
circuit is shown in Figure 4-6.1. The maximum insertion loss of the fil-
ter is 3 db. The terminating impedances of the filter are 1000 ohms at
both input and output terminals. Both of the transistors are operated in
the grounded-base connection without neutralization for signals and a
stabilized grounded emitter connection for bias. The effective generator
resistance is, to a major part, controlled by the losses in the tuning coil
L,. A capacitance divider is employed to transform the equivalent loss of
the coil (in parallel with the output impedance of the transistor) to 1000
ohms. The load resistance is a parallel combination of the 1.5K resistor
and the input impedance of a transistor suitably transformed to a high
value by an LC network. Although there is some loss in gain by the use of
the padding network, the stability of the overall characteristic with tem-
perature and the interchangeability of transistors are both excellent,

The overall power gain from
the input point labelled e, to the out-
put across the 2.0K load resistor is
approximately 28 db. Changes of
transistors of any of the types listed
result in less than a 6 db variation
(with coils retuned) and negligible

i change in overall attenuation char-
3 acteristic. The value of generator
\ gl | | and load resistances can be easily
\ { ’ varied by means of the capacitance
5\ |k _| coupling networks.
|

[ < _]

—

|

3 ~
|

|

—~

~

S E—|

This circuit has been used to
illustrate the design techniques
associated with one particular fil-

L1 hl _4.-\-&./
~13 ) E]

a—
sl

=3 e m——  S—— — ter. It should be kept in mind that
a very large variety of crystal fil-

Fig. 4-6.1 - Circuit attenuation ters are available covering the fre-
characteristic quency range from 20 kc to 60 mec.
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CIRCUIT 4-7

EMITTER-TUNED LF. AMPLIFIER

General Electric Company Contributed by W. F. Chow
and D, A, Paynter

The emitter-tuned amplifier shown in Circuit 4-7 represents an inter-
esting and useful deviation from the usual tuned amplifier, The selectivity
is achieved through the use of series resonant networks which are placed
in the emitter circuits of each transistor stage, and the amplifier is
directly-coupled without the use of impedance matching interstage trans-
formers. This arrangement results in several desirable features: 1) units
can be designed in which the operating frequency is almost independent of
transistor property variations and supply voltage changes, 2) circuit com-
plexity is reduced, 3) alignment procedure is simplified. Stability of the
individual stages is accomplished by mismatch so that neutralization is un-
necessary; however, the cascading of common emitter stages results in an
amplifier with lower overall gain than a similar unneutralized amplifier
with interstage matching networks.

Several of the circuit parameters effect the gain and the bandwidth of
the amplifier, The bandwidth is directly proportional to the load resistor

4
o
+
[
<

S.4K
-0 OUTPUT

INPUT 03

2N138
(Fo 2170 KC)

)
Re QQOMf
SJK Ly
2mh

L (Q=80)

Circuit 4-7 - Emitter-tuned i.f. amplifier

140




' Circuit 4-7, Emitter- Tuned i.f. Amplifier (cont'd.)

R; until the load resistor is several times greater than the input impedance.
The emitter resistor R, is used to provide d.c. biasing of the transistor.
This resistor should be as large as the available power supply voltage
allows. The effect of R, is to raise the selectivity skirts. The LC ratio
has a large effect on the bandwidth of the amplifier; the bandwidth decreases
. as the LC ratio is increased. The Q of the coil effects the gain of the stage
more than it effects the bandwidth. It is thus better to use a coil of lower
value of L and better Q than a coil of high value of L and low Q. The fre-
quency dependence of the transistor current amplification may result in a
shift of the center frequency towards a lower value and in some skewing
of the passband shape, but with most narrow band amplifiers this effect
can be neglected.

With careful design the emitter degenerative amplifier can be made
into a very reliable circuit with excellent transistor interchangeability.
The circuit is particularly attractive for the use with crystal, ceramic or
mechanical filters, which can be used in place of the series-tuned circuits
for added selectivity.
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CIRCUIT 4-8
30 MC LF. AMPLIFIER

General Electric Company Contributed by L. D. Wechsler

This 4-stage 30 mc i.f, amplifier is an example of the simplicity pos-
sible with the use of transistors with very high cutoff frequencies. The
circuit as shown utilizes synchronous, single-tuned transformers for
interstage coupling. The base of each transistor is at d.c. ground and
separate supplies are used for collector and emitter; this allows excellent
bias stability with simple circuitry.

Resistive loading of the tank circuit increases the bandwidth while
simultaneously reducing the possibility of oscillation. This is, of course,
accomplished at the expense of gain; it has the advantage of being non-
critical while eliminating the necessity for neutralization. Furthermore,
resistive loading reduces bandwidth variation as a function of temperature
and transistor operating points.

Capacitive loading of the tank circuit is employed to further reduce
the sensitivity to temperature and bias drifts. If the tanks were to be
tuned with the transistor and stray capacities alone, the variation of the
center frequency with varying environment would be excessive.

The amplifier as shown is capable of operating over the temperature
range of -40°C to +65°C. The gain is greater than 82 db, and 84 db is
generally obtained. The center frequency is 30 mc (+2%), and the band-
width is 3.6 mc (£6%). This circuit is an excellent example of simple, yet
effective, i.f. circuitry using presently available germanium transistors,

T)»T2,T3 8 T4; PRIMARY 16 TURNS,
SECONDARY 4 TURNS, AWG 3*34, CAMBRIDGE
THERMONIC COIL FORM TYPE LS9 WITH
GREEN {20-50M C) POWDERED IRON SLUG.

Circuit 4-8 - 30 Mc i.f. amplifier
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CIRCUIT 4-9

WIDE BAND TRANSISTOR FEEDBACK AMPLIFIER

Texas Instruments, Inc. Contributed by R. P. Abraham
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Circuit 4-9 - Wide band transistor feedback amplifier
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Circuit 4-9, Wide Band Transistor Feedback Amplifier (cont'd.)

As mentioned in the design philosophy section, it is difficult to apply
feedback over more than two stages in a wide-band amplifier, because of
the possible instability at high frequencies. Circuit 4-9 is a good example
of the maximum which can be achieved in the way of feedback with a good
high frequency transistor when careful attention is paid to standard sta-
bility criteria for wide band amplifiers,

The transistor delay characteristics are approximated by using the
approximation

e fa
Qpp = ao—f 4-9.1
1+J H

where the phase shift term takes into account the fact that the transistor
has phase shift in excess of the simple minimum phase network which
approximates its amplitude response.

The transistor used was an experimental diffused base transistor,
apparently the same as the 2N509. This transistor has a low frequency
common base current gain of approximately 0.97. The low frequency value
of a; remains flat to 10 mc and is down 3 db at below 20 and 30 mc, fall-
ing to unity at about 600 mc,

The design target, which was achieved, was an amplifier with a cur-
rent gain of 34 db flat to within 0.01 db to 5 mc and to 0.1 db to 10 mc
operating between a 3000 ohm source and a 75 ohm load. A negative feed-
back of 34 db was to be maintained between 50 kc and 5 mc. The amplifier
was to match the load within 5% over this range. Usable gain was achieved
to 50 mc.

The d.c. biasing uses both shunt and series feedback to provide an
extremely stable d.c. circuit, this circuit will allow the useful band of
operation to be extended to d.c. if desired.

The B network is a bridged T network which is resistive at midband.
The capacitor in the shunt arm provides a rising asymptote at low frequen-
cies and the bridge capacitor a high frequency rising characteristic. A 10
mc compensating network was placed in series with the bridged T to keep
loss flat to 10 me.

The AB characteristic without compensation is flat to 25 mc where the
transistor gain cutoff causes it to fall at 18 db/octave to 50 mc where the
B characteristic reduces this to 12 db/octave up to over 500 mc.
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| Circuit 4-9, Wide Band Transistor Feedback Amplifier (cont'd.)

The series interstage networks are used to shape the gain between
5 mc and 100 mc to approximate an ideal Bode cutoff. A fillet is added in
the feedback circuit around the first stage so that A8 is down 3 db at 7 mec.

The low frequency characteristics are controlled by the emitter by-
passes. The first stage bypass provides a roll off frequency of 50 kc while

the other two extend to under a half kc to provide stability.

Considerable care was exercised in the physical layout because of the
need to control the loop gain to over 200 mec.

(This work was done at Bell Telephone Laboratories while Mr. Abraham
was employed there.)
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CIRCUIT 4-10

VIDEO AMPLIFIER

Sanders Associates, Inc. Contributed by Ralph O. Goodwin

Circuit 4-10 was selected to illustrate a video amplifier design for
pulse application. This design was necessitated by the need for a pulse
amplifier with gain and phase stability of 0.1 db and 1° at 2.5 megacycles
over a dynamic range of 66 db.

The circuit of the open loop amplifier was designed to have a peak in
its response, in this case approximately 1 mc. For most cases, it would
be better to peak the open loop at the frequency of interest, however, the
low frequencies are also required in the bandpass thus the need for sig-
nificant impedance in the loop. The loop was closed from second emitter
to first base (Steggerda's design (42)). This controls the output current
and drives the input impedance of the transistor down making the series
100 ohm resistor at the input the effective input impedance. At 2.5 mc 16
db of feedback is realized, at 1 mc 28 db of feedback is obtained and at
400 kc 16 db is again seen, so that at least over the band from 400 kc to
2.5 mc the minimum amount of feedback is 16 db. The 3 db cutoff of the
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Circuit 4-10 - Video amplifier
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Circuit 4-10, Video Amplifier (cont'd.)

amplifier, closed loop, varies from 15 mc to 17.5 mc with first stage beta
variations from 28 to 140 and second stage variations of 55 to 280.

Measurements of phase and gain were made by the differencing method
over a dynamic range of 66 db where the upper end of signal level was 2 V
rms across a 400 ohm load. At 2.5 mc the output vs. input phase and am-
plitude varies less than 1° and 0.1 db over the dynamic range.

Design of the amplifier was straightforward. A simple RLC coupled
amplifier was constructed with the shunt coils in the collector leads so as
not to limit the available collector voltage from the -8 volt supply. The
interstage coil is used for series peaking so as to keep the open loop band-
width wide enough with adequate gain to make it possible to close the feed-
back loop with stability. The emitter resistance in Q, is chosen to achieve
adequate feedback but at the same time not to increase the input impedance
to a point where the open loop gain suffers appreciably. Q, was a 2N604
transistor which has adequate frequency response and a high power capa-
bility. This was necessary because of the power limitations of the 2N502,
which was used in the input stage, In order to provide a 2 volt rms swing
across the 400 ohm load, the output transistor has to be biased heavily.
The 2ZN604 is capable of 120 mW of collector dissipation. The operating
point was set at 10 mAdc, -8 volts.
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CIRCUIT 4-11

WIDE BAND VIDEO AMPLIFIER

Philco Corporation Contributed by P. G. Thomas and C. A, Steggerda

Circuit 4-11 is a two-transistor feedback pair designed in accordance
with the principles outlined by C. A, Steggerda (42). It is an excellent
example of what can be achieved by this means,

The feedback which is used to exchainge gain for bandwidth is inserted
from the second emitter to the first base to avoid the serious loading effect
which accompany other forms of 2-stage feedback. The circuit is in many
respects similar to a grounded collector stage as regards its terminal
impedances, but incorporates voltage gain. A further advantage of this
form of feedback is that the load resistance has negligible effect on the
feedback loops providing that Ry << r_(1 -a), which is generally desired
for wide band amplifiers. This circuit may be designed to operate for any
value of source and load resistance.

An efficient trade of gain for bandwidth can be made only for small
values of source and load resistance. When using source and load resist-
ances up to 300 ohms, bandwidth on the order of 20 mc were obtainable
with degradation in gain-bandwidth of approximately 20%. The use of
source and load impedance greater than 1 K led to degradation in gain-
bandwidth of approximately 50% for bandwidths of approximately 10 mc.
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Circuit 4-11 - Wide band video amplifier
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Circuit 4-11, Wide Band Video Amplifier (cont'd.)

The interstage peaking coil improves the gain bandwidth in two ways.
It provides some measure of impedance matching at high frequencies and
increases the amplifier phase shift so that positive feedback exists at high
frequencies. Both of these effects increase the gain bandwidth as dis-
cussed in the design philosophy section. Steggerda's analysis indicates
that the value of the coil should be approximately L = Vo (1-a)]/C_. It
is also pointed out that the coils used should be adjustable and first adjust-
ments should be on the low inductance side as too large an inductance can
lead to instability of the amplifier. Despite this, tests made on a properly
adjusted amplifier shows no ringing when fast rise transients were applied
to the input. The transistors used were 2N502's. The obtainable band-
width may be varied to any desired value of varying R, and Ry,. As for
an example, a bandwidth of 18 mc is obtained when R7 =1300Q, and
Ryp = 100, with a resultant gain bandwidth of 1330 (where Rg= 300 Q,
R, = 300 Q).

149



CIRCUIT 4-12

WIDE-BAND HIGH-FREQUENCY LF. AMPLIFIER

Bell Telephone Laboratories, Inc. Contributed by V. R. Saari

Circuit 4-12 is a 15 mc wide i.f. amplifier strip centered at 70 mc
using seven diffused-base germanium transistors. This was one of the

first high frequency i.f. amplifiers designed when diffused-base transis-
tors were first introduced.

This circuit was selected to illustrate use of a digital computer as a
tool in the circuit design.

A rough first approximation to the desired design was made on the
basis of the measured transistor parameters neglecting feedback and fre-
quency effects. The changes necessary were then determined experimen-
tally, and the computer was used to verify the goodness of the design and
to determine the sensitivity of the adjustable parameters.
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Circuit 4-12 - Wide-band high frequency i.f, amplifier
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Circuit 4-12, Wide-Band High-Frequency I.F. Amplifier (cont'd.)

The T equivalent of a low-Q double-tuned circuit is used as the basic
interstage network. Two adjustments are provided in each circuit so that
the drop in transistor gain with frequency can be compensated and the pass-
band can be adjusted to be flat to 0.3 db.

All transistors are operated in common emitter configuration except
the last stage, which is common base. A current step-down transformer
matches the low impedance load to the collector of this stage so that high
current can be supplied without excessive signal compression. The tran-
sistors are stabilized by mismatch because the use of neutralization be-
comes difficult with the wide band covered. This results in a loss of gain
from the 19 db available from the transistor to 13 db actually realized per
stage. The d.c. stabilization is conventional.

The stages of Q,to Q, are provided with AGC. The control voltage is
obtained by detecting the output voltage with a high impedance detector cir-
cuit. The d.c. is compared with a fixed reference in a two-transistor dif-
ference amplifier so that the controlled output level can be adjusted by
changing of the reference voltage level. A final emitter follower driver
is used to supply the bias voltage to the three controlled stages.

The 2.5K potentiometer is used to adjust the balance between the
emitter current and the collector voltage so that the flatness of the pass-
band is not affected excessively by AGC over the control range.

SPECIFICATIONS
Center frequency: 70 mc
Bandwidth: 15 mc
Gain: 90 db £0.3 db
Output Level: 12 dbm
Output Impedance: 75 ohms
AGC range: 35 db
Noise Figure: 5 db
Power Consumption: 0.4 watt

(This material is based on the technical paper, "Transistor 70-MC L F,
Amplifier," given by Mr. Saari at the 1958 Transistor and Solid-State
Circuits Conference.)
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PART 5
OSCILLATORS

Section 1. Design Philosophy

A. Introduction

An oscillator will be defined here as an electronic device for con-
verting a direct current into an alternating current. This portion of the
handbook will be concerned only with junction transistor harmonic oscil-
lators, whose current or voltage waveforms are nearly sinusoidal. The
frequency range of interest is that covered by the junction transistors
presently available; it extends from audio to the lower ultra-high fre-
quencies. The discussion is concerned with low-level oscillators in
which frequency, amplitude stability, and waveform are of primary
importance,

B. Frequency Stability

Considering frequency stability, it is convenient to study the oscilla-
tor outlined in Figure 5-0.1. Separation of the oscillator into an amplifier
of gain A and a feedback network or
resonator with transmission 8 will
permit the evaluation of the effects

of changing amplifier parameters ~ FEEDBACK
upon the operating frequency. If AMPLLF'ER — ::;:w?;rKo:Z
the produce AB is greater than unity, r —l
and if it has zero phase angle at a

particular frequency, the amplifier
is capable of supplying its own input Fig. 5-0.1 - Basic oscillator con-
and oscillation will normally occur taining amplifier and feedback net-
at that frequency. The amplitude of work

the oscillation will increase until

limiting in the amplifier or in some

external amplitude-control circuit adjusts the gain so that A8 = 1 (Bark-
hausen's condition for oscillation). If there is a phase shift associated
with A, there must be an equal but opposite phase shift in 8 in order to
continue to satisfy this condition. The feedback network or resonator can
only satisfy this condition by experiencing a change in frequency. If the
resonator has a quality factor Q, the fractional frequency change Aw/w
associated with a phase angle change A¢ is

bw O 5-0.1
w 2Q

152




provided that the resonator is operating close to its resonant frequency,
both initially and after A¢ has been applied.

In simple oscillators, one important source of phase instability is
associated with the intermodulation of harmonic frequencies in the non-
linear input or transfer characteristics of the amplifier (1). Such har-
monic frequencies are a natural consequence of the limiting that must
take place in the amplifier unless some form of AVC circuit is employed.
The phase instability results from the fact that the harmonic-frequency
voltages or currents are shifted in phase with respect to the fundamental
by the various reactances associated with the amplifier and resonator. If
intermodulation occurs between two or more of these frequencies to pro-
duce a component at the fundamental, the component at the fundamental
frequency will have been shifted in phase. If the degree of limiting changes
as a result of the modification of some circuit parameter, it can easily be
seen that the amplitude of the harmonic-produced fundamental component
can change, producing a resultant phase shift at the operating frequency.

Unfortunately such nonlinear effects, which are of great importance
in simple oscillators, are very difficult to evaluate quantitatively, The
effect of limiting is normally to decrease the frequency of oscillation.
Other circuit effects may be in the opposite direction so that partial com-
pensation may be obtained under some conditions. ‘Circuits 5-1.1 and
5-1.2 have been chosen and studied to illustrate these various effects. In
a simple self-limiting oscillator having a low-Q resonator, the frequency
stability may be largely determined by the nonlinear action of the circuit.
As the resonator Q is increased, however, thermal and secular effects in
the resonator may predominate. It is of interest, therefore, to assume
linear operation and examine the other types of phase shifts that may occur
in a junction transistor amplifier.

Thus there is a transit time t associated with the diffusion or drift of
minority carriers through the base region of the transistor. This time is
a function of the operating point, and therefore it is reasonable to assume
a change At associated with a modification of the operating point due, for

instance, to a decrease in collector supply voltage. Then, Ap = ~At w and
therefore
Aw wlt
S oL -0.2
w 2Q >

It would appear that the transit time fractional frequency instability is
directly proportional to frequency.

Other phase shifts may be encountered at the amplifier terminals and
also, unfortunately, within the transistor itself, Consider that a resistive
impedance Z may be measured across one of the couplings between the
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amplifier and the resonator. It is inevitable that a capacitance C will
appear across Z, but it may be tuned out by some suitable means, It is
also inevitable that some instability AC will be encountered. Such a AC
may result, for instance, from a change in average collector potential,
which will affect the width of the depletion region in the collector-base
junction and produce a change in collector capacitance. Considering the
phase instability due to AC, & = -ZwAC for small angles, and therefore

£ : 5-0.3

It is apparent that the frequency stability will be improved by using low-

impedance couplings between the amplifier and the resonator. In particu-
lar it is desirable to maintain low
impedances at the transistor input
and output terminals. There is, how-
ever, a limit to the benefit to be de~
rived from decreasingthese imped-

: ) BASE  fbb 9pe COLLECTOR
ances., Examine the base-input o —
. . . . Cbc' l T
hybrid-7 transistor equivalent cir- . o f M gce
cuit shown in Figure 5-0.2. The oe Voo L Cue _—y Ve
base resistance ry,' and the l | :|’
emitter-junction capacitance cy,: EMITTER

will function as a phase shifter whose Fig. 5-0.2 - Base-input hybrid -7
effect cannot be eliminated by the
use of any positive impedance at the
base terminals.

transistor equivalent circuit

As mentioned above, it is assumed that the resonator is operated at
or near resonance, where its phase slope is maximum. As the frequency
of oscillation is increased, however, the fixed phase shifts due to transit
time and base impedance may become so large that this condition is
violated, and Aw/w may become much greater than is indicated by equa-
tions 5-0.2 and 5-0.3. Thus, if the phase angle of a is 90 degrees, which
will occur at approximately 2f_, in a diffusion transistor and 0.9 f_, in
a drift transistor (2), the resonator will exhibit little control over the fre-
quency of oscillation unless the large phase angle is compensated by some
device other than the resonator.

It would appear, then, that when frequency stability is the primary
concern, the oscillator designer should choose the most phase-stable
amplifier and the most stable high-Q resonator, and then should connect
them in the optimum manner while satisfying other requirements such as
output voltage or power, and waveform. Reactive elements - normally
capacitors or transformers - are best used for impedance transformation
between the amplifier and resonator. The frequency stability will always
be degraded when power output is required because the resistance of the
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load must become associated with the amplifier or resonator in such a
way as to degrade the Q of the resonator or increase the coupling imped-
ance. The same can be said for the resistors that are sometimes used for
coupling. Although some improvement might result from the connection
of a resistor across a coupling that exhibits poor phase stability, it would
be better to use the proper impedance transformation and derive the low
coupling impedance from the losses in the resonator itself,

The choice of a suitable resonator depends upon the application of the
oscillator. If moderately poor waveform and frequency stability can be
tolerated in an audio-frequency oscillator, a simple RC network such as
that used in Circuit 5-11 may apply. If the waveform must be excellent,
but the frequency-stability requirement is still moderate, the resonator
can consist of an RC bridge (3), which may contain a provision for ampli-
tude control. The RC networks are particularly valuable, of course, where
a-wide frequency range must be covered. For more critical frequency-
stability requirements an LC tuned circuit can be used at audio or radio
frequencies. Circuits 5-1 and 5-10 employ simple tuned circuits., For the
highest frequency stability crystal units are necessary, with tuning forks
filling some intermediate requirements.

The amplitude stability of an oscillator is determined by the function-
ing of the amplitude-control mechanism, which must exist in any practical
oscillator. In a simple, self-limiting oscillator the output voltage or cur-
rent may be directly related to the supply voltage, partiéularly if bottom-
ing occurs. This fact is eraployed in a simple oscillator having excellent
amplitude stability (4). However, the analysis of nonlinear oscillators for
both amplitude and frequency stability is difficult, and will not be con-
sidered here. The amplitude-stability theory for oscillators employing
some type of AVC system is more readily understood, however. Edson
has discussed this in detail (5), and his results apply equally to vacuum-
tube and transistor oscillators,

At this point it should be mentioned that there are transistor tempera-
ture effects that will affect both the amplitude and the frequency of oscilla-
tion. First, the variation of I, with temperature must be recognized, If
the initial bias is supplied by cutoff current alone, the oscillator may not
start at the extremes of a temperature range. The use of some form of
d.c. stabilization (6) is indicated. If the operating point is not stabilized,
the variation of emitter and collector voltage and current will change
practically all of the transistor parameters, Even if the operating point
is stabilized, most of the transistor parameters will change with tempera-
ture, although not as rapidly as they might otherwise. Thus the base-
emitter capacitance is inversely proportional to its absolute temperature,
while the base resistance and base-collector capacitances are functions of
resistivity, which depends upon temperature. The phase angle and magni-
tude of hgy also vary with temperature, Compensation of these effects
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is possible to some extent but, in critical applications, the temperature of
the transistor must be controlled.

C. Types of Oscillators

In surveying the various types of transistor oscillators it is convenient
to discuss the LC oscillator, which is useful at both ratio and audio fre-
quencies, the RC oscillator, which is used at audio and ultrasonic frequen-
cies, and the crystal-controlled oscillator, which is encountered from the
middle of the audio range upward. The following simplified oscillators
have been chosen to illustrate various problems in circuit design, and will
be considered before the selected circuits are presented.

A simple Hartley-type oscillator is shown in Figure 5-0.3. The col-
lector circuit is tuned, and feedback is applied to the emitter from a por-
tion of the inductor, which is used as a transformer. The circuit is easy
to employ, and will be discussed in detail as a design example in Circuit
5-1. The Colpitts-type circuit of Figure 5-0.4 is similar, but is often used
at high frequencies where it may be difficult to obtain tight coupling be-
tween the tapped portions of the transformer of Figure 5-0.3. Conversely,
the capacitor C; in Figure 5-0.4 may become inconveniently large at low
audio frequencies, suggesting the use of Figure 5-0.3. One of the many
possible phase-shift RC oscillators is shown in Figure 5-0.5. This RC
network, which is of the current-derived type, is used in Circuit 5-11.

Figure 5-0.6 is a simple crystal oscillator based on the Colpitts cir-
cuit, in which the crystal unit is used as a series inductor and resistor.
Circuits 5-5, 5-6 and 5-7 are of this type. Noting that the feedback is from
collector to base, it might at first be supposed that the relatively low cut-
off frequency (and large phase angle at a particular frequency) associated
with h;_, the base-to-collector current gain, might degrade the frequency

Fig. 5-0.3 - Hartley oscillator Fig. 5-0.4 - Colpitts oscillator
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(7

Fig. 5-0.5 - Phase shift RC oscillator L

( XTAL. )
EQUIV.
stability of this circuit in compari-

son with an emitter-driven type Fig. 5-0.6 - Colpitts type crystal
such as Figure 5-0.7, in whicha oscillator

controls. However, C; of Figure

5-0.6 canbe chosen sothat the base is driven by alowimpedance generator.
Inthis event it matters little whetherthe base or the emitter is driven. Thus,
if a voltage V, appears across C,,

M 5-0.4
I, 8" ——— -0,
b ry, * hfe Te
and
he V
Ic ~ hfe Ib —m 5-0.5
If hg, ro >> ry, as is normally true, I_ % V/r, = g,V. The phase angle as-

sociated with g_ is tl;lat due to transit time. It should be mentioned that

: the low cutoff frequency associated
with hg, is of importance in the cir-
cuit of Figure 5-0.5, where the

base is driven by a constant-current
generator.

AY |
/0

It should be noted here that the
current gain of a transistor, par-

| ticularly if it is of the small-signal
type, will increase as the average

emitter current is increased. If an

| m'L oscillator is designed to use a tran-

sistor as a current amplifier, which

Fig. 5-0.7 - Simple oscillator for implies that the base is driven from

use of overtone crystal a high-impedance source, the
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inevitable limiting that must occur in a simple system will normally result
from collector voltage bottoming rather than from a gradual decrease in
current gain, as the amplitude of oscillation increases. Thus, sharp dis-
continuities in the output waveform will be obtained. Although the ampli-
tude stability may be good, the distortion will be high.

If the transistor is operated as a voltage amplifier, with the base driven
from a low impedance source, the decrease in voltage gain with increasing
signal can be such that moderately good amplitude control can be obtained
by a gradual rather than an abrupt decrease in loop gain. Thus, superior
waveform can result, particularly if the gain is carefully adjusted and
stabilized by feedback.

It is also worth mentioning, however, that collector-voltage bottoming
will cause relatively little distortion in a tuned collector oscillator if the
operating Q of the tuned circuit is high.

The Colpitts-type circuit of Figure 5-0.6 is of particular interest be-
cause it readily permits a design for high frequency stability, Here C;
and C, can be chosen in ratio and magnitude to develop the optimum im-
pedances at the transistor terminals. The source impedance for the base
is equal to (Xc, )2/R1, if Xc, >> Ry, while the load impedance for the col-
lector is equal to (Xc, )2/R1 , assuming R; to be large. The collector bar-
rier capacitance is small relatively stable with collector current, and
has a low temperature coefficient, while the base-to-emitter capacitance
is large and unstable. Thus, C, should be greater than C,, and each should
be as large as possible while satisfying the condition B > 1, It should be
noted here that the relatively high transistor terminal impedances con-
nected across C; and C, will normally transform to low values of resist-
ance in series with Ry, and therefore the resonator Q will be degraded but
little.

If the crystal unit is replaced with an inductor and capacitor, the Clapp
circuit {(7) is obtained.

The simple crystal oscillator shown in Figure 5-0.7 permits control
of the impedance at the collector but not at the emitter, assuming the crys-
tal resistance to be fixed. If the crystal resistance is low compared to
the emitter resistance, its Q may be degraded excessively, while if its
resistance is very high, the attenuation associated with the ratio of crystal
resistance to emitter input impedance will require an excessively high volt-
age gain from emitter to collector. The required high collector load im-
pedance will then result in a design having poor frequency stability. The
circuit has found its principle application with overtone crystal units which
will operate at the fundamental frequency unless additional selectivity is
provided. Circuits 5-4 and 5-8 are of this type.
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The two-transistor circuit shown
in Figure 5-0.8 is included in the

Ry RL2 discussion because it illustrates the

undesirable conditions that can read-

Q Q2 ily be obtained. The oscillator has
merit at audio frequencies where
the crystal resistance is very high,
but here the circuit may suffer
from a parasitic oscillation through
the crystal shunt capacitance. At

1"]} radio frequencies, where the crys-
tal resistance may be between 10
Fig. 5-0.8 - Example of less and 1000 ohms, the crystal Q will be
desirable oscillator degraded excessively by Ry,. If R,

is decreased, R must be increased
to obtain sufficient gain, increasing the phase instability at the interstage.
Furthermore, the complex impedance at the base of Q; will have an unde-
sirable effect. If a very low resistance is connected from base to emitter
here, the gain of the rest of the systermn must be increased. Even if the
system could be designed to minimize the trouble at the various inter-
stages to a reasonable extent, the built-in transistor phase shifts are ad-
ditive, and their effects will be doubled as ambient or operating conditions
are varied.

Although the circuit can be modified by connecting the crystal from
emitter to emitter - two low-impedance points - a high-impedance cou-
pling is required from the collector of one transistor to the base of the
other,

D. Summary

In summary, it can be stated that, when frequency stability is of
paramount importance, a single-transistor oscillator coupled to a reso-
nator by networks of negligible loss will give the best results. Unfor-
tunately the stability of the system can, at best, only approach that of the
resonator alone,

The selected circuits to follow have been chosen to represent cur-
rently used designs over the frequency range of interest, Circuit 5-1,1
and 5-1.2 have been tested carefully, and the rather lengthy accompany-
ing discussion is presented to give a reasonably complete picture of
transistor effects. Radio-frequency oscillators are considered first, and
then audio-frequency oscillators.

The discussion so far has utilized Barkhausen's criterion as a start-
ing point, and has indicated the effects of various circuit parameters upon
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the performance of the oscillator. A generalized design procedure has
not been presented because of the wide variety of circuits under con-
sideration, Recently such a procedure has been developed by McSpadden
and Eberhard (12,13). Their method, which is principally graphical,
makes use of the loop-power-gain concept, and has been kept sufficiently
general to permit its use with practically any kind of oscillator. The four-
quadrant graph used contains the relation between transistor input and
output impedance, the effect of the impedance transformer in the feedback
network, the relation between the power absorbed by the load and by the
losses in the feedback method and the relation between transistor load and
the load resistance which absorbs useful power. A simple graphical con-
struction permits the determination of the transistor gain required to as-
sure oscillation. Unfortunately the method gives no direct information on
frequency stability. It should also be mentioned that reference 12 contains
a useful start in the standardization of oscillator-circuit nomenclature.

Figure 5-0.9 contains an excellent chart summarizing the character-
istics of military type crystal units.

CODED MILITARY CRYSTAL UNITS

o s menen
Code %Tol [ Fraqueney Roage [ [
-5 01 R e T
®6 0
CA-8 005
R-® 005 R
R23 008 f
(R-24 005 -55+90 HC-0 R
@-28 O . R
CR26 002 +70-80 HC-6 R
CA-27 D02 +70°60 HC-6 3291
CR-Z8 002 70480 HC-6 R
CR-29 002 ~TO+B0 HC-5 32pt
CR30 002 ~T0480 HC-5 R f
CR-32 002 *70+B0 HC-6 R nedor5
CH-33 005 -55490 HC-6 12pf m3 |
CR-35 002 +80+30 HC-6 R
CR-36 002 +80+90 HC-6 329t
CR-37 L2 -40~70 HC-3 20pt
CR-38 02 -40:70 HC-13 20pf
CR-39 007 -35¢75 HC-IS R
CR40 003 +65+75 WC-i8 R St o A ey
CR-42 003 7080 WC-I3 32pt
CR43 O -30:73 HC-16 dSpt
CR-44 002 +80-90 HC-6 32p1
CR-45 02 -40+80 MC-6 R
CR-46 DI -4070 MC-6 20
CR-47 002 -TO-80 HC-6 20
CR-48  OCTS -33-90 HC-8 32pt
CR-50 02 -4070 HC-15 A
CR-81 008 -38490 MC-6 R
CR-52 005 -35+80 HC-8 R m3
CR-33 005 -35.90 HC-8 R m8
CR-34 (008 -33+80 WC-8 R m3
CR-85 005 -83+108 HC-18 R fed
CR-36 008 -33.08 HC-B R m3
CR-ST 00| <80+30 WC-6 32pt
CR-38 D08 -88+90 HC-17 R
CR-59 D02 +80+90 HC-B R  meS
CR-60 D03 -B5+108 KC-i8 R ,
el 90t #090 HEMR.  nsd
62 DO +70+80 HC-8 32pt : Rt bR
CR-63 D  -40+70 HC-6 20pf msEymasssti
CR-84 003 -83+103 HC-18 30p! JEREEases
CR-65 00 +7080 HC-8 R s} : : He f
CR-66 002 -55.90 MC-8 30p! t H t 8
CR-67 0025 -83490 HC-i8 R ne3 Soes
CR-68 D02 +70+80 HC-8 32¢f et s
CR-09. DOZ -35990 HC-18 30pf nEs. RS e S e
CR-TO Ol  -40+70 HC-I3 R s > mmegeen]
CR=71 000 T8l 32pf ned  [TESHTT R LS T ! H g e pases:|
CR-T2 005 -85¢103 HC-B R ne3 . = gen 3 bttt e 12 |
CR-73 003 -55¢105 glass R ne3 == : e ;“;i;;
CR-74 00125 +B0+S0 glaes A na3 - 3= 4
CR-78 00 +70480 HC-8 R M ol : CrERERE s
CR-T6 0028 -834103 HC-IB R ned ! : ! ¥ 3 i £ ]
f !
et was ot o o 2 o o o0 5 Pl SU0Hh a2t dath Sk SnEI
t et e T b e I

Figure 5-0.9
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CIRCUIT 5-1

HIGH-STABILITY SELF-EXCITED OSCILLATOR

Sulzer Laboratories, Inc. Contributed by Peter G. Sulzer

Circuits 5-1.1 and 5-1.2 will serve to illustrate some of the problems
discussed in the design philosophy, and will also indicate the magnitude of
the frequency stability obtained by using a simple circuit - first with self-
limiting, and second with an effective amplitude-control system producing
Class A operation,

Circuit 5-1.1 is designed to operate in the region of 1 mc with induc-
tive tuning, The power supply required is a nominal 20 volts at 1.5 mAdec.
The power output is only sufficient to drive a Class A transistor buffer
amplifier. In this design, a type 2N384 drift transistor was chosen to
minimize the phase shift due to transit time, as the alpha cutoff frequency
of this unit is 100 mc. The collector-base capacitance of the transistor is

9 J\)—Vbb
L
_le Rgk, —L°3 2.5h
T 33k 7
0.05pf
Q [F=IMC
c2
¢ i% — |/C4 L
0.05pf
P ge, 2nzea 1IN °
? e 0.05pf
0K R3 OUTPUT
47K
S O

Circuit 5-1.1 - Self-limiting, self-excited IMC oscillator
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Circuit 5-1, High Stability Self-Excited Oscillator (cont'd.)

approximately 2 uuf, while the emitter-base capacitance is approximately
100 pupf. It can be assumed, for want of better information, that the in-
stabilities associated with these capacitances will have twice the ratio of
the capacitances themselves. Therefore, to obtain equal frequency in-
stability from these two sources, the collector-load impedance should be
100 times the driving point impedance for the emitter. This is easily ac-
complished with the Hartley circuit, by the proper choice of the emitter
tap on the inductor. It is seen that a voltage gain in excess of 10 from
emitter to collector will be required to produce oscillation. The trans-
conductance of the transistor is almost equal to the emitter conductance,
which is 40 I;. With Ig =1 mAdc, g~ 0.04 mho, and therefore the
collector-load impedance should be greater than 250 ohms. The operating
point, Vo = -15 volts, I = -1 mAdc, is established by a conventional means
of d.c. stabilization.

t * —0
l ~Vbb
Ci Ly
R7
ﬂ'&ow 2.5ph 33K Imh §IOK
F=i MC
—0
Ce _LCa
Rg ™
15k |0-0Spt  |00Iut
OUTPUT
IN66O Rg IN6EO
w——wv——i»
47K
To —1¢7 _Jc CR3
0.05y¢ ~ 5 (3\”
e IN7GI

Circuit 5-1.2 - Self-excited IMC oscillator with AVC
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\
Circuit 5-1, High Stability Self-Excited Oscillator (cont'd.)

The tuned circuit selected had a resonant impedance of 1600 ohms, and
a Q of 100. This high a collector load impedance will ensure rapid and
reliable starting, but will result in some degradation of the frequency
stability. Normally a safety factor of two times would be used, or, con-
versely, the desigh would be worked out for unity loop gain using a trans-
conductance of one half the rated value. It should be noted here that the
Clapp type of circuit (7) could have been used to effect a more advantageous
impedance transformation, however, the stable capacitors required would
have been of excessive physical size. A similar transformation could be
obtained by tapping the collector on the inductor, but parasitic oscillations
would almost certainly have been obtained.

Frequency and output voltage vs. supply voltage are shown on the Fig-
ure 5-1.1. It will be observed that the frequency change with a supply
voltage change +5% is approximately +25 x 10°%, The instability results
from a combination of the effects discussed, with nonlinearity predominating.

In Circuit 5-1,2 the same oscillator has been made linear by the addi-
tion of an AVC circuit containing transistor amplifier Q, and rectifier-
doubler CR; - CR,. In the absence of oscillation on operating point is es-
tablished for Q; by a regulated voltage from CR; which is applied to the
transistor base through R; and Rg. The resulting constant potential across
R, determines the emitter current., When oscillation starts, CR; and CR,
rectify, decreasing the magnitude of the base bias applied to Q,, therefore
decreasing the emitter current and transconductance until an equilibrium
is reached. The frequency stability
with variable supply voltage is im-
proved fifteen (15) times which, in

some applications would be suffi- MEASURED FREQUENCY CHANGE,
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cient to justify the increased circuit SAME SCALE.
w /
o
b
+400 ol 5 10 15 20 25 30 35
o 1 10 PR O ¢ ORI
2 X /'
- =)
2 300 1 a <13|3
= COMPUTED FREQUENCY CHANGE
'é 200 M(I)ELTITI%TLTS 3 DUE TO COLLECTOR CAPACITANCE
?- 1y FREQUENCY VARIATION, X 10
o CHANGE X10™8  (iv-500
g 100 ~ h'N
2 MEASURED FREQUENCY
<1[3 o CHANGE x10~6

-5 -j0 -I5 -20 -25
SUPPLY VOLTAGE (2V)-1000 .

/’ OUTPUT VOLTAGE

Fig, 5-1.1 - Output and frequency vs. Fig. 5-1.2 - Frequency vs. supply
supply voltage for circuit 5-1.1 voltage for circuit 5-1.2
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Circuit 5-1, High Stability Self-Excited Oscillator (cont'd.)

complication, In a high-performance oven a frequency stability of 1 x 107
per hour was obtained. The output is approximately 1 volt to a high-
impedance load.,

It is interesting.to speculate on the origin of the frequency instability
remaining after nonlinearity is eliminated. Class A operation is assured
because the emitter signal is only 0.02 volt. The AVC circuit tends to
keep the emitter current of Q, constant, and therefore the base emitter
capacitance should remain constant as the collector voltage is changed.
The collector-base capacitance will vary with supply voltage, however,
and the computed frequency change due to collector-capacitance variation
is shown in the Figure 5-1.2. At the higher collector voltages this would
appear to be of importance. As the collector voltage is lowered, the in-
crease in transit time is probably responsible for the large decrease in
frequency, which far exceeds that computed from collector-capacitance
variation.

In summary, at a 20-volt operating point the frequency of the self-
limiting oscillator decreases 25 x 10°% per volt. At the same point, the
frequency of the linear oscillator increases 1.5 x 10°% per volt, which is
very nearly the rate computed for collector-capacitance variation alone.
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CIRCUIT 5-2

WIDE-RANGE CONSTANT-AMPLITUDE OSCILLATOR

M.L.T., Lincoln Laboratory Contributed by Baker, Chatterton
and Parker

+15V O-5V «|6V
R
Rk 82K
3 G, 220,;,;4
1

1

Ry Rs Re
500nS 1K IK
\%c, %cs
.lrF 0.0lrF
L
|

Circuit 5-2 - Constant amplitude oscillator
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Circuit 5-2, Wide-Range Constant- Amplitude Oscillator (cont'd.)

Circuit 5-2 is a three-transistor device that is capable of being tuned
over the frequency range from 100 kc to 20 mc in five bands with an am-

p litude stability of +2%. The output is 4 volts peak to peak, to a 500 ohm
load. The circuit is included here because it should be of great value in
signal generators and other wide-range devices. As in Circuits 5-1.1 and
5-1.2, a tuned collector is used, with feedback to the emitter.

The amplitude of oscillations is held very constant by a control circuit
containing CR;, Q,, and Q;. The crystal diode CR; rectifies the voltage
across the tuned circuit, and the resulting direct current tends to increase
the base and emitter current of Q,. The collector of Q,, which is normally
slightly positive with respect to ground, can go negative, which will, through
emitter follower Qj, tend to cut off the oscillator transistor Q,. In effect,
the amplitude-control system compares the oscillator output voltage with a
negative reference voltage applied to the emitter of Q,.
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CIRCUIT 5-3

VHF OSCILLATOR

Bell Telephone Laboratories, Inc. Contributed by R. L. Lowell

Circuit 5-3 is a tuned-collector oscillator designed for use in the
VHF and low UHF ranges. It should find application as a high-frequency
receiver local oscillator and also as a component of test equipment,
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Circuit 5-3 - V.H.F, oscillator
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Circuit 5-3, VHF Oscillator (cont'd.)

The type 2N537 diffused-base transistor is used which may have an alpha
cutoff frequency as high as 1000 me. It will be observed that feedback
takes place from collector to emitter through capacitors C; and C,. The
collector circuit is tuned by L,, and Cj;, and impedance matching is accom-
plished by L, and Cj.

Since the feedback is from collector to emitter, and the emitter-to-
collector current gain must be slightly less than unity, there may be a
question of how a loop current gain of greater than unity is obtained. It
will be observed that C, is smaller than C;, so that an impedance stepdown
is obtained for the emitter, and thus the current into the emitter can exceed
that out of the base.

Circuit constants for operation of these different frequencies are given
in the figure. The maximum power output is also stated.

(This circuit is reproduced with the permission of Electronic Design
Magazine from an article entitled '"1000 mc Range Reached With Diffused
Base Transistors' by C. H. Knowles and E, A, Temple, July 9, 1959.)

Reprinted from Electronic Lesign Magazine, July 9, 1959; copyright
Hayden Publishing Company, Inc. 1959.
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CIRCUIT 5-4

100 KC REFERENCE OSCILLATOR

James Knights Company Contributed by John Silver

Circuit 5-4 is a relatively simple crystal oscillator designed for op-
eration at 100 kilocycles with a silicon transistor. The use of a silicon
transistor permits operation of the oscillator at the high ambient temper-
ature encountered in military equipment. The crystal unit is placed in
series with the feedback connection from the capacitively-tapped tuned
collector circuit to the emitter. The use of a tuned collector circuit
prevents oscillation at spurious crystal frequencies. Stable components
must be used in the tuned circuit, particularly if wide-temperature-range
operation is indicated. Silvered-mica capacitors and a carbonyl-iron
toroidal inductor were used in one model of the oscillator. If the highest
frequency stability is required, the complete oscillator, including the crys-
tal unit, should be contained in a temperature-controlled oven. The

4$47 -0—-20V
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L 0.00spf
2.2mh
< Q=200
3Ra|K Ca
A.Ci F=100Kc To.oonspf
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Q
L 2N332 Y,
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ﬂ
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Circuit 5-4 - 100 kc reference oscillator
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Circuit 5-4, 100 Kc Reference Oscillator (cont'd.)

impedance at the transistor emitter is such that the crystal Q is de-
graded but slightly,

The frequency is stable to 2 x 10°7 for supply voltage variations of
+10%. The output is 1 volt rms at an impedance of 100 ohms. Changing
the load from an open circuit to 300 ohms will produce a frequency shift
of 1 x 10-%, Changing the load from an open circuit to the matched value
(100 ohms) will provide a frequency shift of 5 x 10-6,
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CIRCUIT 5-5

450 KC CRYSTAL OSCILLATOR

Motorola, Inc. Contributed by R. L. Steele

Circuit 5-5 is an excellent 450 kc oscillator designed for use with
military type CR-26-U crystal unit. In the design, which is of the modi-
fied Colpitts type, it will be noted that the capacitance connected from base
to emitter is several times that connected from emitter to ground, thus
effecting an impedance transformation, The frequency is adjusted over a
range of +37 x 10°% by means of a variable inductor connected in series
with the crystal unit.

An interesting feature of the circuit is that the output is taken from a
load connected in series with the collector. If the collector source

LQAD
J- 2N247 J_ 7
C Cg <
|:>oo 566 g;;% OLI-3 0.2
el PP mh
R3
33001
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0.6-175
i 5 1
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= 20v
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Circuit 5-5 - 450 kc crystal oscillator
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Circuit 5-5, 450 Kc Crystal Oscillator (cont'd.)

impedance is high, and if the collector-base capacitance is low, useful
isolation of the oscillating circuit from the load can be obtained in this
manner. The effect is similar to that of the electron-coupled vacuum-
tube oscillator and, indeed, some of the same precautions must be ob-
served to assure good isolation. In particular, the instantaneous collector
potential must not be permitted to fall below the knee of the collector volt-
age current curve corresponding to the maximum instantaneous emitter
current,

The frequency is stable to 1 x 10°% over the supply-voltage range
from 5 to 30 volts, The maximum output is 7.5 milliwatts. The maximum
frequency change caused by the substitution of several different type 2N247
transistors was 2 x 1076, Varying the transistor temperature from -40 to
+140°F caused 4 frequency change of less than 1 x 105,
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CIRCUIT 5-6

1 MC CRYSTAL STANDARD OSCILLATOR

James Knights Company Contributed by John Silver

Circuit 5-6 is a high-quality 1 mc crystal oscillator designed for use
as a frequency reference in an airborne single-sideband system. Like
Circuit 5-5, it employs the Colpitts-derived crystal oscillator, with a low
driving point impedance for the transistor base. The use of silicon tran-
sistors permits operation at high ambient temperatures. The entire as-
sembly is maintained at a constant temperature between 85°C and 125°C.
A common-emitter buffer amplifier is used to isolate the oscillator from
a variable load. Note that the buffer is driven from the lowest impedance
point of the oscillator through a series isolating resistor, which is also
used to adjust the output level. A silicon-diode voltage regulator is used
to provide a relatively constant supply voltage for both transistors. The
use of a simple base-collector bias resistoris satisfactorytoestablishthe
transistor operating point because of the very low I, that is characteris-
tic of silicon transistors. These particular transistors are selected to
have a narrow range of h¢ , which further facilitates the use of such a
simple biasing scheme. Note that in Circuit 5-5, a base voltage divider
and emitter bias resistor are used with the germanium transistor.

Ry
+26.5V0 AN ' -
1.5K
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@i 15
R3 Sv-18 Toolpf R4
SI0K 10K
R2
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100K cy
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< Ca ;J: Boipf
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"i =8 1
O R L
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G-7 4 2.2K
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Circuit 5-6 - 1 mc crystal standard oscillator
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Circuit 5-6, 1 Mc Crystal Standard Oscillator (cont'd.)

Performance of the oscillator is good with respect to supply voltage
change; a frequency deviation of less than +3 x 108 is held over the supply
voltage range 24-29 volts. The regulator diode is largely responsible for
such frequency stability. The frequency changes less than 5 x 10°? as the
load is changed from an open circuit to a short circuit. However, the sub-
stitution of different transistors will cause a frequency spread of +3 x 109,
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CIRCUIT 5-7

9 MC CRYSTAL STANDARD OSCILLATOR

Motorola, Inc, Contributed by R. L. Steele

Circuit 5-7, which is similar to Circuit 5-5, has been designed for
stable operation at 9 mc. It has been included here because it illustrates
the necessity of using a higher-frequency transistor as the oscillator fre-
quency is increased, if frequency stability is to be preserved. The alpha
cutoff frequency of the 2N384 transistor used is approximately ten (10)
times the operating frequency. The frequency stability is 2 x 10-% over
the input range from 6-30 volts. The frequency is adjustable over a range
of 200 x 10-°® when the military type CR-19-U crystal unit is used. Tran-
sistor temperature variation from -40°F to +149°F produced a frequency
change of 5 x 10-%. The power output is only one milliwatt.

Note that, as in Circuit 5-5, a bias voltage for the transistor base is
provided by resistors R; and R,. The emitter current is then determined
by the voltage drop across Rz. This method of d.c. stabilization is ade-
quate for use with germanium transistors over the temperature range
given above,

o OUTPUT TO

2.2 K LOAD
Ls
L 4-12ph
2-6.5
>R ik
?u
Yy
CR-19-U
Cq
To.oupf
Ei= e
+ SUPPLY

Circuit 5-7 - 9 mc crystal standard oscillator
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CIRCUIT 5-8

108 MC CRYSTAL OSCILLATOR

Naval Research Laboratory Contributed by A, F. Thornhill,
Edgar L. Dix, and J. E. Scobey, Jr.

Circuit 5-8 which is a 108 mc crystal oscillator employing a diffused
base transistor was designed for use in Vanguard I. It also formed a por-
tion of the telemetry transmitters for Vanguard III and Explorer IV. The
basic circuit is similar to Circuit 5-4, although the precautions necessary
to obtain proper operation at a much higher frequency are evident. Thus
the crystal holder capacitance is tuned out by a shunt inductor, and a small
capacitor is connected in series with the crystal to compensate for the
phase lag in the transistor. As mentioned above, the use of an overtone

crystal requires the use of an additional tuned circuit, which is placed in
the collector here,

As shown, the oscillator has a separate emitter supply voltage. This
is convenient when batteries are being used as a power source, and with
a suitable chosen emitter resistor, leads to practically perfect stabiliza-
tion of the operating point. If a single power supply is to be used, R; could
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Circuit 5-8 - 108 mc crystal oscillator
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Circuit 5-8, 108 Mc Crystal Oscillator (cont'd.)

be connected directly across C;, and the base could be supplied from a
voltage divider connected from ground to the negative supply.

The efficiency of the oscillator is between 30 and 35% when deliver-
ing 15 to 30 milliwatts to a 50 ohm load; however, the oscillator is capable
of delivering 100 milliwatts at an efficiency of 40 to 45%. With constant
loading and temperature the frequency stability is approximately +1 x 10°8,
for a 10 minute period.
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CIRCUIT 5-9
20 KC AUDIO CRYSTAL OSCILLATOR

James Knights Company Contributed by John Silver

Circuit 5-9 is a crystal oscillator for use in the audio-frequency range.
The circuit constants shown are suitable for use at 20 kilocycles with a
100,000 ohm crystal unit. The relatively high resistance of such a crystal
suggests that it should be connected directly at the collector circuit, rather
than at the emitter or base. A 100:1 impedance transformation is placed
between the crystal unit and the transistor base. The pi-section trans-
former also provides the necessary phase reversal. Stabilization of the
operating point by a constant base potential and an emitter resistor was
used because the circuit was intended for use with a wide range of silicon
transistors without selection.

Inspection of the circuit will show that its design is not optimum from
the standpoint of frequency stability. Thus, the transformed input imped-
ance of the transistor plus the collector load resistance will decrease the
working Q of the crystal unit to slightly less than one-half its maximum
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Circuit 5-9. 20 kc audio crystal oscillator
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Circuit 5-9, 20 Kc Audio Crystal Oscillator (cont'd.)

value. Also, there has been no attempt to transform the crystal resistance
to a low impedance at the collector. It is fortunate that the collector
capacitance will have a relatively small effect at audio frequencies. The
voltage coefficient of frequency is approximately 3 x 10°% per volt at 20
volts. The output at the base connection is 0.4 volt at an impedance of

330 ohms. '
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CIRCUIT 5-10

AUDIO-FREQUENCY OSCILLATOR

Airtronics, Inc. Contributed by D. Gleason

Circuit 5-10 is a tuned-collector audio-frequency oscillator of a type
whose design has been discussed by Oakes (8). The oscillator is useful as
a source for bridge measurements at a frequency of one kilocycle. An in-
teresting feature of the design is the insertion of a high impedance in
series with the transistor base, which is accomplished here merely by
omitting the capacitor from the base-bias voltage divider. It has been
stated by Melehy and Reed (9) that such an impedance will help to linearize
the operation of the oscillator, improving both the waveform and the fre-
quency stability. Actually, with the circuit constants shown, the efficiency
was also improved. As mentioned in the design philosophy section, the
use of a high base source impedance will make the limiting occur in the
:ollector circuit. In this particular oscillator, excellent waveform is ob-
tained because the collector circuit is tuned. This should be compared
with Circuit 5-11, immediately following.
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Circuit 5-10 - Audio-frequency oscillator
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Circuit 5-10, Audio-Frequency Oscillator (cont'd.)

The frequency of the oscillator changes only three cycles as the sup-
ply voltage is varied from -15 to -30 volts. The output is 1.5 volts with a
source impedance of less than 300 ohms. The frequency increased 9 cy-
cles when the load impedance was decreased from a very high value to
1000 ohms. The distortion is approximately 1%, and is relatively inde-
pendent of loading.
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CIRCUIT 5-11

PHASE-SHIFT OSCILLATOR

Airtronics, Inc. Contributed by D. Gleason

Circuit 5-11 is a 650 cycle audio oscillator of the current-derived
phase-shift type (10). It is included because it should be of value for use
in light-weight, portable equipment where inductors may be undesirable.
The three-section phase-shift network is designed to make the base cur-
rent lead the collector current by 180 degrees at the operating frequency.
This is a natural consequence of the fact that the transistor is basically a
current amplifier. A current gain of at least 29 is required. Although it
might at first appear that the phase-shift network is driven and loaded in
such a way that an operating current gain greatly in excess of 29 would be
obtained, inspection will show that the first section of the network, which
includes the 10K collector load resistance, is driven by the transistor col~
lector impedance which is of the order of 500,000 ochms. The third section
is terminated by the base impedance, which is about 1K ohm, in parallel
with a voltage divider. Since the network impedance is approximately
10,000 ohms, the desired conditions of having an infinite-impedance
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Circuit 5-11 - Phase-shift oscillator
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: Circuit 5-11, Phase-Shift Oscillator (cont'd.)

generator and a short-circuit load for the network are reasonably well
satisfied, If a voltage-derived network had been used, a low collector load
resistance would have been required, and an emitter-follower amplifier
would have been used between the output of the network and the input of the
amplifier. For purposes of comparison, it should be mentioned that
voltage-derived networks are used in vacuum-tube phase-shift oscillators.
The frequency of oscillation is given by f = 1/2/6 7RC, assuming that the
reactance of C is much greater than the input impedance of the transistor.

The performance of the circuit is interesting because the frequency
passes through a maximum at a collector supply of -22 volts. The fre-
quency stability is surprisingly good at this point; changes of +5 volts will
decrease the frequency 3 cycles, The frequency is rather sensitive to
load, and will increase approximately 10% as the load is decreased to
10,000 ohms. The open-circuit output is 2 volts at an impedance of 12,000
ohms. The distortion is 10% at no load.
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CIRCUIT 5-12

TWIN TEE OSCILLATOR

Baird-Atomic, Inc. Contributed by William R. Lamb

The oscillator in Circuit 5-12 was designed to have low distortion,
good frequency stability and an output unaffected by power supply
variations.

The circuit comprises a two-stage amplifier with positive and nega-
tive feedback loops. The frequency sensitive element, a twin tee network,
is in series with the negative feedback loop. The gain of the positive loop
is dependent on the output amplitude. In operation, the total loop gain ad-
justs itself to unity at a specified output. Thus oscillations of constant
amplitude at the rejection frequency of the twin tee are generated. Changes
in amplifier forward gain, due to variation in components or supply voltage,
will alter the gain of the positive feedback loop in the correct direction to
restore the original output,

Referring to the schematic, Q; is a common emitter stage coupled to
a common collector stage, Q,, which furnishes the necessary low output
impedance to the twin tee negative feedback path. The open loop voltage
gain of this combination is approximately 100. Q3 serves as a detector
which provides a d.c. bias current through the diode, CR;, proportional to
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Circuit 5-12 - 1000 cps stabilized oscillator
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Circuit 5-12, Twin Tee Oscillator (cont'd.)

the output voltage. This diode also serves as part of a voltage divider for
the positive feedback loop. Since the diode is operated in a region where
its impedance is inversely proportional to the bias current, the a.c. gain
of this network is also inversely proportional to the output voltage. The
output of the positive feedback network is fed into Q,, which is emitter-
coupled to Q; and hence to the forward gain path of the oscillator. The
inputs of Q, and Q4 are out of phase; therefore, positive feedback is devel-
oped between the output and Q,, while the negative feedback is between the
output and Q;. The RC time constants of the amplifier and detector cir-
cuits have been designed to give good stability, Instability causes a low
frequency motor-boating which modulates the output.

As previously mentioned, the twin tee determines the frequency
stability and distortion characteristics of the oscillator. The twin tee net-
work is noted for a theoretically infinite rejection ratio at the null fre-
quency, and a rapid phase shift with frequency as the null is approached.
The most usual applications of twin tees has been with vacuum tubes which
implies a low impedance drive and infinite load impedance. However, it
is possible to design the twin tee to be compatible with transistor imped-
ances. The insertion loss of the network is increased, but the symmetri-
cal characteristics about the null frequency are maintained. The method
is described in Figure 5-12.1. R, is the generator resistance, and R, is
the load resistance, F_ is the null frequency (11). R, =18.75 Ry; R3 =7.5
R,; R, =1.875R,;; and C= 30,000/R; F . Using this criteria, the parame-
ters for the twin tee are as follows: 95 & 1000 cps; R, = 169 ohms; R, = 28K;
R3 = 4790 ohms; R, = 1195 ohms; and C = .047 mid.

In practice, the twin tee resistances are deposited carbon low tem-
perature coefficient units, The capacitors are accurate to within 0.5%, and
are also temperature stabilized. The final trimming may be done by pad-
ding the resistances with high value 5% carbon resistors in parallel. Tem-
perature tests on the twin tee revealed no appreciable change (one cycle
out of 1,000) from 20 to 60°C.

Overall characteristics of the
oscillator are as follows:

G2
1. Distortion
Ry Al
R
o e 0.18% at 1 volt output
Vin IMPEDANGE
T ‘ 0.16% at 2 volt output
i
Fig. 5-12.1 - The twin-tee network 0.20% at 2.7 volt output

'
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Circuit 5-12, Twin Tee Oscillator (cont'd.)

2.

Regulation with respect to supply voltage change (supply voltage varied
from 30 to 20 volts)

Output voltage at 28 volts Output change for 10 volts variation
1.0 volt -0.1 wvolt
2.0 volt -0.25 volt
2.7 volt -0.4 volt

Maximum output voltage with AGC saturated is 4 volts,

Frequency shift

a. With change in supply voltage (30 to 20 volts): -1 c.p.s.
b. With change in transistors: 4 cycle spread when input transistor
changed. (Beta variation from 55 to 85.) No change when other

stages substituted.

Temperature Characteristics

Temperature Range Output Voltage Frequency Change
25 to 40°C -0.1 -1 cycle
25 to 60°C -0.1 -2 cycles

Output Loading

The oscillator should not be loaded with less than 3,000 ohms, which
corresponds to 1 milliwatt at 2 volts output, approximately,
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CIRCUIT 5-13

VOLTAGE-CONTROLLED WIEN BRIDGE OSCILLATOR

Northeastern University Contributed by J. A. Lapointe

This circuit is a modification of the standard Wien bridge oscillator.
The principle difference is that silicon diodes are used as controllable
resistance elements to make the oscillator frequency vary in proportion
to a control voltage.

The control diodes have a forward conduction characteristic such that
their dynamic resistance is inversely proportional to current over a wide
range. It varies from about 1500 ohms at 30 microamperes to 160 ohms
at 300 microamperes. By using a large resistance (R,), between the
diodes and the control source, diode resistance is made inversely pro-
portional to control voltage. It also serves to isolate the oscillator from
the control source,

For the type of bridge chosen (made up of the components with the
dashed lines plus resistors Ry and R,), oscillation frequency is 1/2~ RC.
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Circuit 5-13 - Voltage controlled Wien bridge oscillator
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Circuit 5-13, Voltage-Controlled Wien Bridge Oscillator (cont'd.)

By using resistance elements that vary inversely proportional to a control
voltage, the oscillator frequency is made to vary directly proportional to
this voltage. A gain of 3 is required for oscillation and is provided by ad-
justment of feedback resistors Rg and R,.

The three stage oscillator amplifier need only provide high open loop
gain with no phase shift. The two stages of output amplification provide a
1 volt rms signal at 1000 ohms, Automatic gain control to compensate for
bridge dynamic variations is accomplished by controlling the resistance
of the shunt diode CR ;.

With this circuit, 5% linearity of frequency control from 10 kc to 70 ke
was effected with control voltage of 2-1/2 volts to 27 volts respectively.
Frequency range is determined by bridge capacitors C; and Cyand any re-
quired frequency in the audio or low RF range may be generated; consistent
with amplifier requirements and diode capabilities.
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CIRCUIT 5-14

SERIES-TUNED EMITTER, TUNED-BASE OSCILLATOR

General Electric Co. Contributed by W. F. Chow

Series resonant LC networks can be effectively utilized in frequency
stable transistor oscillators. In this circuit configuration, the oscillator
frequency is dependent almost entirely on the LC tank circuit elements
and is only very slightly affected by transistor properties or oscillator
supply voltages. The frequency of oscillation is largely determined by a
tank circuit composed of the inductances L; andL,in series with capacitors
C, and C,. It is necessary that the reactance of C, be larger than the
reactance of L,. Since the LC components can be made very stable, a
high degree of frequency stability can be achieved without the use of
elaborate nonlinear compensation techniques. The stability with respect
to supply voltage variations was found to be of the order of seven parts
per million per 12 percent variation of voltage.

0 + 20V
Ly
200-500
p.h L2
200-500
ph
<y

510
Tupf T ppuf

[

Circuit 5-14 - Series tuned emitter, tuned base oscillator
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PART 6
SWITCHING CIRCUITS

Section 1. Design Philosophy

A. Transistor Characteristics

Switching circuits represent a class of circuits that are used
extensively in digital computers, control applications, radar systems
and communications. These switching circuits essentially require an
"on'" and "off" condition with some form of control of these conditions.
The transistor is similar to a classical switch in that it may be biased in
either a high impedance state, cut off, or in a low impedance state, ''on,"
and consequently is ideally suited for applications in switching circuits.
The characteristics exhibited by the transistor in the '"on'" and "off" states
are important and will be described in detail, since they determine the
efficiency with which switching is accomplished. The characteristics of
the active region, that is, the region between cut off and the ""on' state
are equally important, since they
determine the transient response
of the switching process.

Toinvestigatethe '"on,'" "off"
and 'active' regions in more

detail,itis convenient to consider
the common emitter configuration F—
with the accompanyinglarge sig- ]
nal equivalent circuit (1) and the

(1&)
L/
0
o
(2]
&
m
@
m
—AAA—
2

voltage current characteristics, 2ol , i_

as shown in Figure 6-0.1A, B, B e} Reg < Vee

and C respectively, for the p-n-p

transistor., The three regions (BE) =

that exist are defined from the CVc/R e eic

current and voltage relationships, SATURATION =

as follows:

cut off region ip <0 -veE

ECUTOFF (Igo)

“Vee

active region ip > 0, v < vp,

(c)

ic = apg ip * Ieo
Fig. 6-0.1 - Grounded emitter con-
on region ig > 0, v 5 vp figuration, large sig.nal. equivalent
(saturation) circuit and characteristics
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At cut off, the base and emitter terminals are reverse-biased and no
base or emitter current flows. Under these conditions, the collector cur-
rent is essentially zero, except for the small leakage current Ico. This
leakage current represents one of the primary circuit design limitations
and will be discussed in more detail later. The voltage from collector to
emitter is almost equal to the supply voltage Vce at cut off.

When the base-emitter potential is such that a base current exists,
the transistor operates in the active region and the general current and
gain relations may be described as follows.

Ai
= - c = 6-0.1
QFB - ve constant .
AlE
Ai
apg ﬁ Ve = constant 6-0.2
ic = apg ig + Ico 6-0.3
iB = (iE - ic) 6-0.4
iB = iE (l-aFB) - ICO 6-0.5
a I
iC =] <_l FB >1B + 1 co 6—0.6
;] ~ %FB
Tco 6-0.7
i = a ip + 77— | -U.
C FE B 1 - opB

Operation in the active region can be continuous but generally exists only
during the transient period between the "off'" and "on' state. When the
collector voltage becomes equal to the internal base voltage, the saturated
region is reached and the collector to emitter voltage is very low as
indicated by the characteristic curves. The collector equivalent diode is
assumed forward biased and the current generator is short circuited
during saturation.

From the voltage current characteristic it should be clear that only
the small Iy, current exists in the load resistor R; at cut off and a maxi-
mum current exists at saturation. The control of the load current is
effectively accomplished by the smaller base current and represents a
gain factor. The transistor acts as a high impedance during cut off and a
low impedance during saturation as evidenced by the voltage drop across
the transistor in each state.
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It can be seen from the previous discussion that the equivalent diode
circuit is an accurate representation of the transistor characteristics and
can be used with confidence in the design of switching circuits.

The dependence of the leakage currents on temperature is perhaps
the most important limitation of transistors, and must be considered in
every design. The leakage current I, may be expressed as (2)

[a(TH-IPC-TO)] 6-0.8

ICO‘Ioe

where I, is the leakage current at Ty Tg is the reference temperature.

6-0.9

the junction temperature rise per milliwatt dissipation,

T is the ambient temperature,
o is a constant equal to 0.06 - 0.08 for germanium transistors.

The rate of change of I, with temperature may be related to the cir-
cuit parameters as (3)

dlco
T = f(Io. V, Ky, Kp) 6-0.10

where
V = bias voltages Voo, Vggs Vgg»

Emitter resistance

Ky = -
1 Base resistance
_ Collector resistance
K, = - -
Emaitter resistance

This relation indicates that circuit designs may be made thermally
stable by choosing a proper relation between the circuit constants.

The response times generally of interest in switching circuits are
rise time, t , storage time, t, and fall time, t;. The storage time exists
only for saturated operation and is proportional to the degree of saturation
and the length of time the unit is saturated. The three basic connections
used in switching circuits are common base, common emitter, and com-
mon collector and they exhibit different response times (4). The response
times associated with the three connections, as shown in Figure 6-0.2,are
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common base configuration:

g E
- n g
r wa.fb . 0.9 ic
.
E %FB
i -1
_ “atb t Yurp E; E,
tse = 3 1= P In | =
afb “arb (1 -app opp ic,
=1
%FB Es
1 ic, * % i,
i et O P —
a fb 1 e, FB 'E,
common emitter configuration:
1
tf:(l-al)w L 09(113-a ) i
FB) “afb A FB) IC
B
%FB
i - i
- “afb * “arp B, B,
ty = — 1 1n I
“afp “arp (1-2pg agp) (1 - agg) |
ic 2 - ig
L FB
) “rB B,
i -
1 SIRNG! - apg)
te = 1 In :
(1-app) w, gy, apg 1ip
0.1 ig - ——2%
1 (1 -apg)

common collector configuration:

t =

Lol
7]
1

“a fb i “arb

i -
Bl

ip

ip
FB) ig

1 L “FB
(1-app) woqp " |ig - 0.9(1-a

2

= 1 In | =
“atb Yarp (1 ~apg opp) 1
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TE; T (1 -agg)

1
ty = : 6-0.1
Fowpp (1-9pp) ‘B, 9
0.1 1 S e—T=Et—y
: E -
1 (1 aFB)
where
opg and agp are the normal and reverse short-circuited current

transfer ratio respectively,

w, ¢p and @, . are the normal and reverse common base cutoff fre-

quencies respectively. The dimensions are in

radians
sec

The current subscripts 1 and 2 refer to initial and final values of
current at the time the turn off voltage is applied.

The times t_and t, are defined as the time required to reach 90%

of its final value.

The equations for rise, stor-
age and fall times are useful in
understanding in a general way
the effect of the circuit configu-
ration and current amplitudes on
the response characteristics.
For example, in the common
emitter configuration of Figure
6-0.2 the transient response
times may be calculated in the
following manner. First, the
parameters w, ¢y and «, , must
be measured and are taken for
this example as 107 and 10°
radians per second respectively.
The parametérs apg and apy are
taken as 0.99 and 0.70 respec-
tively. The maximum collector
current possible exists just at
saturation and is calculated as
Vee/Ry . 1f the maximum collector
current is 15 ma and the base
current is taken as 2 ma,the rise
time 1is calculated from Equation
6-0.14, as

P

| S—|
ﬂ
(8} y ‘ '

=vce
oty ooty e
or o

-Vec 0— —
et
etsn * OU
= k3

-|,bﬁ',b
-t e

COMMON EMITTER

COMMON COLLECTOR
Fig. 6-0.2 - Circuit response times

196



- 1 2
£ = (1-0.99) 107 In [2 ~0.9(1 -0.99) 15} 6-0.14a
0.99

t_ = .70 us. 6-0.14b

r

If a reverse base to emitter bias voltage is included in the circuit
such that a reverse base current 18 of 0.8 ma exists, the storage time
from Equation 6-0.15 is

107 + 106 0 2 ~ (-0.8)

= n
S 107 x 10%(1 - .693) 15(1-0.99) n 6-0.15a
599 - (~0.8)

t 3.9 us. 6-0.15b

s

The fall time from Equation 6-0.16 is

15 _ 0.99(-0.8)
_ 1 1 -0.99
te = (1-0.99)107 1n T 0.99¢=0.8) 6-0.16a
: T1-0.99
e - 15 s 6-0.16b

If the base current 15 is increased in the example, there will be a
decrease in rise time but an increase in storage and turn off time. By
increasing the reverse base current ip_, the storage and turn off time
may be reduced, improving the overall circuit response time. It is
instructive to make similar calculations of the response times of the other
two basic circuit configurations, common base, and common collector so
that the relative response times of each configuration will be understood.
In general, it may be stated that the response time of each circuit configu-
ration is proportional to the ratio of input current difference to output cur-
rent difference.

Calculations of transient times for a particular circuit provide
approximate values and should be used only as a guide to circuit design
procedures. The collector capacitance has been neglected, and will affect
the response times unless the product of load resistance and collector
capacitance is much less than the basic circuit response time. In addi-
tion, the storage equation assumes that equilibrium conditions exist
relative to the carrier density in the base region.
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B. Circuit Design Methods

Since transistors have been in the development phase during the last
several years, various circuit techniques have been originated to lessen
the effect of undesirable characteristics. Some of these techniques are
worthwhile and will be illustrated. In addition, transistors have some
characteristics not found in vacuum tubes that allow new circuit variations
not previously possible. For these two reasons transistor switching cir-
cuitry has been in a fluid state.

The design procedure discussed in this section will include designs to
overcome transistor variations or deficiencies, even though many present
transistors are free of these deficiencies. In addition, circuits that were
developed utilizing unique transistor characteristics will also be included,
since they are currently in use, although they eventually may disappear in
favor of more standard methods.

C. Basic Flip-Flop Design Procedure

Historically, the early transistor switching circuits were simply
direct equivalents of the vacuum tube circuits. These basic circuits were
subsequently modified to avoid the unique problems associated with the
transistors.

1. Saturated Flip-Flop

e

The unclamped saturated b
flip-flop was one of the earliest
circuits of this sort. Figure 6-0.3
is an example ofan Eccles-Jordan
flip-flop that may give saturated
operation.

The saturated flip-flop has
the following advantages over the
nonsaturated type tobe described
in the next section: 1) the output
voltage levels are practically
independent of the transistors,
2) the circuitis simple, and 3)the
design is not complicated.

Ri=Rg
The one disadvantage of the Rp= Rsg
saturated flip-flop,incomparison R3z= Rg
to the nonsaturated type, is that
the turn off transient is delayed Fig. 6-0.3 - Saturated flip-flop
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by the storage time. For a given transistor type, nonsaturated flip-flops
may be operated at higher pulse rates than the saturated flip-flop.

For low frequency operation, the use of the saturated flip-flop is
indicated. At higher frequencies one frequently finds it desirable to make
a critical comparison of the two types of flip-flops. A choice of the type
to be used depends upon economic, technical and other considerations for
the particular application.

As transistors have been improved with respect to storage time, the
operating frequency range, where nonsaturated flip-flops have held
unquestioned advantage over the saturated types, has been pushed upwards
to such an extent that placing a high frequency limit on the conditions of
the decision referred to above would be imprudent.

The following relationships are useful in the d-c design of the satu-
rated flip-flop of Figure 6-0.3. In deriving these expressions, it is
assumed that the transistor internal base and emitter resistances (when
the transistor is saturated) are very much smaller than the external
resistances, that I.5is negligible, the collector resistance in the cut off
condition is very much greater than the external resistances, and the 'on'"
collector voltages are very much smaller than the bias voltages. The
circuit is assumed to be symmetrical; i.e., Ry = R4, Ry = Ry, R; = Rg.

\/ v \/
CC BB CcC
R, *R, R, ~ apR 6-0.20a
1 2 3 FE 1

Equation 6-0.20a insures that the ""on'" transistor is saturated.

The output voltage swing is given by

A _ Voo Ry 6-0.20b
Vo "Ry + R,

The reverse bias on the collector-base junction of the "off" transistor
is given by

\' R
_ BB "2 =
Vgg = —R2 TR, 6-0.20c

Increasing Vg reduces the probability of noise triggering the circuit
and increases the amount of I, that can be tolerated, assuming that the
resistance in the base is held constant or decreased, but also increases
the amount of trigger required to make the flip-flop change state.
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The base bias source, VBB’ -Vee
may be placed in the emitter cir- b
cuit, with the same results as
before, provided the proper
polarity is observed to reverse
bias the '"off'' transistors, Vee is
increased by the magnitude of Vgg
and R3 and Rg are returned to
ground. Singlebias source oper- Vel
ation maybe obtainedifthe source
in the emitter circuit is replaced
with a breakdown diode. Single
source operation may also be

obtained with a common emitter
resistor as described in Circuit

6-1. v
Ryj= R
2. Nonsaturating Flip-Flop r— R12= R:

Rz= Rg

The circuit of Figure
6-0.41is a nonsaturating flip-flop.
The emitter resistor alone will
not guarantee nonsaturation, but
must be used if nonsaturation is
to be achieved. The design pro-

Fig. 6-0.4 - Non-saturated flip-flop

cedure may be one of trial and error, but there are several methods that
guarantee a solution that is valid for ranges of transistor parameters (5).

The expression that provides stability for the nonsaturated transistor
flip-flop, as well as the saturated flip-flop, is given in Equation 6-0.21.

R, 2apg-1

6-0.21
R, l—aFB

This may be derived in a straightforward way by assuming one flip-
flop transistor is '"off" while the other is "on." The condition necessary
for this to be true is that

sz <
’ Q1 “off"”, Q,p “on’. 6-0.22

By deriving the expressions for VB, and VB,’ the stability condition
(Equation 6-0.21) may be determined.
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To avoid saturation, it is necessary to restrict the base voltage for
the "on' transistor to values above the collector voltage.

vp, > vc, - 6-0.23

This condition must be guaranteed for the range of transistor param-
eters expected. If the emitter to base voltage of the transistor is neg-
lected, Equation 6-0.23 may be written

> ve. - 6-0.24

It is convenient to consider that saturation occurs as the emitter. cur-
rent increases above a critical value. This critical value of current is
derived by finding the emitter current that exists just at saturation. The
normal emitter current is limited to values below this critical or maxi-
mum current for any range of transistor parameters, by choosing the
circuit resistances properly. By deriving the expression for vy and ve,
of Equation 6-0.24, the maximum emitter current permissible before
saturation occurs is obtained.

Vee (Rg *Rs)
. < Re * R5 + Ry
1 5
£ max , 2R (Rg * Rs)
7 Rg * Rg + Ry

6-0.25

The normal operating emitter current is found as

Vee Rs
: R3 R, R
1 = a
E op S R3(1 - a‘FB) (R2 + Rl)
4 Ry + Ry + Ry

6-0.26

The normal operating emitter current and the maximum current permis-
sible to avoid saturation vary with alpha as indicated in Figure 6-0.5.

It is necessary to keep ig op less than iy . to avoid saturation, and
hence the design is arranged so that the crossover point (agpy) is chosen
for agpg = aggy = 1.

The output voltage swing is usually of interest, since it must be con-
sistent with the logic design levels. The collector voltage of the "on"
transistor may not be assumed close to ground as in the saturated flip-flop
case, but is described by Equation 6-0.27.
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_ icR4(Rs * Rg) Ve (Rg*Rg)

Ve = . 6-0.27
€2 Rg*Rg*R, Rg* Ry +R,
The collector voltage of the "off' transistor is
__iBR3 Ry Vee (Ry*+Ry) o]
V¢ "Ry +R, +R; Ry *+R, * R '
The output voltage swing then from '"off" to ""on'" is
apm in R, (Re +Ry) amsR2R
Bvg = FBR = 1; +5R = - R fER 3+1R : 6-0.29
6 5 4 3 2 1

The preceding considerations may be combined to provide a unique
design procedure. The circuit values are listed below,

v
- _ _CcC
Ry, =R, = 5B 6-0.30

v
Rg = Ry = 4[.‘3‘3—121} 6-0.31
E
20pm - 1
Rg = R, < | 2 R, 6-0.32
1-agg
Vee R
cC ™3
Ry =4 ‘ 6-0.33
773 (R; * R, + R,)

The factor B is a function of

agg»and the ratio of output voltage ie Max

to supply voltage. It is described T

completely in reference 5, but is iE ]

somewhat complex and is not \(,0? }

convenient for quick design meth- [

ods. B should be chosenless than NONSATURATED SATURATED
unity and considered as a design REGION } REGION
variable. Figure 6-0.6 showsthe |

relation of B and the minimum agg CFg » CFBO

that the design will accommodate

and the ratio of supply voltage to Fig. 6-0.5 - Current variation vs a;g
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OUTPUT VOLTAGE,SUPPLY VOLTAGE, output voltage (o). From Fig-

CFg MINIMUM RELATIONSHIP ANO

ORSIGN PARAMETER B. ure 6-0.6, the value of B chosen
does not affect appreciably

@FB min ©T Pi however, it does

directly affect the value of Rj. If

B is taken as unity, R; = 0 and

the design is not valid. I, con-

siderations depend to a large

degree on the base resistance

.98

.96F

Cre
.94

MINIMUM
92t

.90

i 5 z;;.o 25 30 value, and B may be used to
P decrease I, effects. If B is
o

chosen too low, the supply volt-
age required to give a particular
output voltage swing becomes
larger and represents a decrease
in efficiency. Figure 6-0.6 also
indicates that a design that allows for low app values requires a larger
supply voltage for a specific output voltage.

Fig. 6-0.6 - Non-saturated flip-flop

The minimum ap, value is chosen based on the spread expected and
the end of life considerations.

After a value of Bis chosen, the ratio (p) of supply voltage and output
voltage is read from Figure 6-0.6. The output voltage desired is chosen
and the supply voltage is then calculated from

o = VCC
Avo

6-0.34

The collector load resistor (R;) is calculated from Equation 6-0.30,
using the supply voltage required after a suitable emitter current is
chosen. The emitter current is chosen from loading considerations. The
design automatically establishes the emitter current chosen as the maxi-
mum emitter current possible, and the maximum, of course, occurs only
when opp approaches unity. Ry may then be calculated from Equation
6-0.31. The stability equation, as given in Equation 6-0.32, is not
described in terms of an agg minimum, since it is wise to include a safety
factor. In addition, the stability equation affects the triggering require-
ments directly and should be determined with this in mind. A tentative
degree of inequality may be chosen and R, calculated from Equation 6-0.32.
This can be changed later to allow for more or less trigger sensitivity
without upsetting the overall stability. The emitter resistance R, is cal-
culated finally from Equation 6-0.33.

This design procedure is useful for many applications, since it allows
the design to reflect temperature, triggering or efficiency considerations.
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3. Clamping Methods ~vec va e M
. PN
A further technique to b ‘_\-2_/

reduce the effect of transistor

o |t )
variation and provide nonsatura- o_,jw_r_@ e M’,‘;_'_@ -
tion is the clamped circuit. The bie g0

f R

(3
clamped flip-flop assures uni- weor 37 | S %“‘ '
formlevels in spite of transistor .l — 1 ] E— 1
variations and, if designed prop- = - b évﬂ -
erly, gives better system per- ajon G oFF

formance. Clamping increases

circuit complexity, however, and

requires additional supply volt- Fig. 6-0.7 - Clamped circuit
ages. Despite the fact that the

levels are specifiedbythe clamp-

ing voltages, a unique design procedure for the complete circuit is
difficult, and a trial and error approach must be used.

Figure 6-0.7 shows a simple diode clamping circuit that fixes both
output levels.

The direct clamping method in Figure 6-0.7 fixes the collector levels
to ground and -V, where -V, is greater (less negative) than the supply
voltage - V... For the case of the transistor in the "on" condition, the col-
lector current must be large enough to supply current through R; and an
additional current for the diode CR;. The clamping current is chosen by
considering expected loading and the collector current is then calculated
from Equation 6-0.36.

i =izt iy 6-0.35
v
iy B R%C +i, 6-0.36

where i, is the current through Rj3, and i, is the current through CR, -
In the case of the flip-flop, the cross coupling resistor adds another
current path that reduces the clamping current and should be included in

the design.

The clamping current through CR, for the "off'' case is simply cal-
culated as

= —. 6-0.37




A design procedure for clamped switching circuits, and particularly
flip- flops and multivibrators, is conveniently started by deciding on the
clamped levels, choosing the proper clamping currents, and calculating
the collector current and load resistor R from the above equations.

The clamped circuit does not eliminate completely design problems
and, in fact, only assures accurate levels. The response time for the
circuit appears improved when clamped, but care must be taken not to
load the circuit before the clamping current has reached its final value.
Figure 6-0.8 shows the voltage and current relations.

The clamping currents have a delay time which is the delay of a
standard unclamped circuit.

There are several variations of clamped circuitry to avoid the addi-
tional supply voltages and affect a change in base current to compensate
for loading changes. The back clamped circuit of Figure 6-0.9 illustrates
this method (3).

The silicon diode (CR;) pro-
vides about a 0.7 volt drop so that
point "a'' is at -0.7 volt. The
germanium diode (CR,) then will

----- ~ ,_-_-.\l conduct whenever the collector
Ve o K / \ voltage reaches about -0.5 volt,
\ assuming that CR, has a voltage
S 1 7 [ | knee of about 0.2 volt. The col-
Y lector to base voltage then can
iC (o} \
\ | / ’ ~Vee
\1~—/ R2
| <
| | | CR2
' ()
i ot : | L/
|
| CR o Jtic
iy 0 W (e
O—AM~
|l T Y
INPUT fig
WHERE i| 1S CURRENT THROUGH CR| IN & T
CIRCUIT IN F16.6-0.7, i2 IS THE CURRENT = CR)=SILICON
THROUGH CR» CR2*GERMANIUM

Fig. 6-0.8 - Clamped current and Fig. 6-0.9 - Back clamped circuit
voltage waveshapes
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never be less than 0.5 volt and saturation is thus avoided. In addition,
whenever the collector loading is small, the base current to the transistor
is reduced due to the conduction of the germanium diode. This is a more
direct approach to regulate the collector current to the load requirements,
and results in improved efficiency. A resistor may be used in place of
the silicon diode, and is chosen based on app variations and current levels.
However, the silicon diode requirements are not stringent and, in fact, the
diode is never back biased. The germanium diode must withstand the col-
lector voltage and must have a low storage time, if speed is desired. If
saturated circuitry is desired, the silicon diodes, or their equivalent,
resistors, may be removed.

D. Symmetrical Circuits

The fact that, unlike vacuum tube circuitry, both p-n-p and n-p-n
transistors are available, had led to the development of complementary or
symmetrical circuits. Since the manufacturing technology of the p-n-p
type has until recently been ahead of the n-p-n technology, this type of
circuitry has been employed erratically. Its primary advantage is equal
rise and fall times as well as improved efficiency. The emitter follower
circuit of Figure 6-0.10 illustrates one of the first circuit uses of com-
plementary designs.

The p-n-p, used alone as an emitter follower, will give character-
istically a faster fall time for the type of input shown. The improvement
of rise time due to the n-p-n may be analyzed by assuming the emitter
rise lags behind the input rise. In this case, the base of the n-p-n becomes
more positive than the emitter and the n-p-n must conduct, improving the
rise time. The basic circuit configuration described in Part 7 includes
the pertinent design considerations for emitter followers and will not be
included here. The practical difficulties regarding complementary emitter
followers are attributed to a
mismatch of frequency response
forthe p-n-p andn-p-ntransistor
that allows instability, and the
unlimited current flow that exists ay ] Yee
when either unit fails. Inaddition,
an oscillatory condition occurs
for low resistive and especially

[+] o—j ———o [+]
capacitive loads. The design =) o | v
procedure,when loads of this type INPUT 3N outeur
are expected, is toparallel emit-
ter follower sections and add suf- L T
ficient series emitter resistances
to prevent oscillations or burn- Fig. 6-0.10 - Complementary
out due to accidental shorting. symmetrical emitter follower
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The complementary circuits may be applied to flip-flops and other
basic switching circuits. The circuit of Figure 6-0.11 illustrates this
design (3). The output collector current is produced by an active source
for both directions. The clamping circuit previously described provides
collector current during the time the transistor is off by use of an added
supply voltage (V,), and the load resistor is determined by the '"off"
clamping current required. The clamping current for the 'orn'' case is
supplied to the clamping diode after current is supplied to this load
resistor, and results in wasted current. In the complementary circuit,
no current is wasted in a standby load resistor.

E. Triggering Methods

The trigger circuitry has not been included in the basic designs
presented, since it will be discussed as a separate topic. Unfortunately,
triggering is usually considered after the basic design is complete, and
often becomes the most unreliable section of the circuitry. The situation
is aggravated further, since a clock source for a system may be required
to trigger a large number of circuits and must have power capabilities.
The basic circuits are designed frequently for switching speeds just short
of the frequency limitations of the transistors. To obtain maximum speed
capabilities, semiconductor devices are necessarily reduced in power
capabilities and so the designer is left without a suitable transistor that
has the power to be used as the clock at the basic speeds of the system.

-
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Fig. 6-0.11 - Symmetrical back

clamped flip-flop
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It is generally agreed that
the trigger circuits should be
arranged to affect a turn off
rather than a turn on condition.
This approach gives improved
circuit response and minimum
delays. The trigger require-
ments are best described in
terms of base charge that exists
and the source charge necessary
to oppose it. The base charge
is described by Equation 6-0.38.

_ Rie 6-0.38
%o fb

Qs

where i is the collector cur-
rent, w_ ¢y is 27 times the fre-
quency response of the transistor,



and Kis a proportionality constant. The capacitor used to couple the input
trigger should be large enough to reverse the base charge, but small
enough to prevent recovery problems at the maximum speeds desired.
For the case of a saturated transistor, the stored charge must also be
considered and, of course, requires an increase of trigger charge. The
turn on time is also important in any design, and is directly proportional
to the base current supplied and the speed with which the current is
delivered. Internal base resistance and base to emitter capacitance affect
the useful charge that can be delivered to the base and these parameters
vary considerably for different transistor types. It is desirable to exper-
imentally check the trigger design over the complete range of repetition
rates desired.

The trigger requirements for any circuit are related to the trigger
pulse width (6) as shown in Figure 6-0.12. A good circuit design will make
efficient use of the trigger pulse available. This is accomplished in sev-
eral ways and Figure 6-0.13 illustrates one method. The base network is
chosen to give an overshoot that
increases the turn off drive. A con-
siderable improvement in turn off
time is achieved using this tech-
nique.

When the transistor response
time is slow, relative to the trigger
rise time, a considerable amount of
thetrigger pulse is wasted. The use
of the network shown in Figure
6-0.14 provides a better utilization
of the pulse energy and effectively
matches the pulse shape tothetran-
sistor response.

PULSE AMPLITUDE —»

} sec
TURN-OFF PULSE WIDTH —»

Fig. 6-0.12 - Trigger amplitude and
width relation

Ql

R| Q
_|_|_ o——AAA— \ L Ry _/\
OUTPUT
INPUT Ro R3 INPUT

Rs OUTPUT

O __L —0 - _i_ °
Fig. 6-0.13 - Base network for Fig. 6-0.14 - Base network to effi-
improved triggering ciently utilize trigger energy
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Fig. 6-0.16 - Basic blocking
Figure 6-0.15is another method oscillator circuit

to improve the trigger circuit (7).

The diode is normally conducting

while the transistor is cut off. The

input trigger pulse at the capacitor opens the diode so that the current in
the inductance (L;) is diverted to the transistor. The trigger may be a
slow or poorly shaped pulse and is only required to open the diode.

Base triggering is normally employed, because it gives wider margins
and greater sensitivity, although emitter and collector triggering are pos-
sible and occasionally are used. Base triggering is used generally for
noncommutative operation, and frequently a triggering transistor common
to each side of the flip-flop is added for more positive triggering.
Commutative-type flip-flops frequently employ collector triggering by
using diode steering networks and characteristically allow considerable
trigger amplitude variation. Commutative flip-flops and the diode steer-
ing are described in Part 7.

F. Blocking Oscillator Circuit Design Procedure

The clock source limitations described previously still exist, although
the negative resistance devices (p-n-p-n) recently developed may reduce
the problem. At present, the blocking oscillator circuit is the circuit used
most often as an initial clock generator. There are many excellent papers
describing the analytical features of the blocking oscillator circuit (8, 9).
The circuit of Figure 6-0.16 is commonly used as the basic blocking
oscillator configuration.

The input pulse initiates base current, and hence the collector current

begins to build up. The collector voltage rises toward ground, and this
rise is coupled to the base by the transformer adding to the base current.
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The transistor quickly saturates, keeping the collector voltage fixed, and
the base current begins to decrease. The collector voltage begins to drop
when the transformer magnetizing inductance accepts enough current to
unsaturate the transistor. The voltage fall is coupled by the transformer
to the base and aids the turn off process. The back voltage associated
with an inductive load, such as the transformer, is usually clamped by a
small resistance or diode across the transformer. The back voltage, if
not removed, would exceed the voltage breakdown of the transistor, caus-
ing an increase in power dissipation and probably burn out.

The collector and base current may be calculated as

) _VCC . . r L ¢ 6-0.39
ic = .- - e
s N Ty
-r
s
. “Vee 11+ s L " 6-0.40
ip = Ty T T2 - Nr =

where

r, represents the d-c transformer primary resistances and the col-
lector resistance during saturation,

r, represents the sum of the saturated emitter resistance and any
external emitter resistance,

L is the magnetizing inductance,

r, is the internal base resistance,

r, is the sum of r; and r,, and

T4 is the duration of the pulse.

The load resistance is assumed large compared to r,.

Since the pulse duration continues until saturation no longer exists,

(the collector current equals iy app at this point) we may solve for T, by
equating these two currents.
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T.=LX 10 i 6-0.41
d rg Ty
1+ apg o
If apg g >> 1y
L Ts
Ty = : In (1 + Nr2>' 6-0.42

The pulse duration then, if the assumptions of Equation 6-0.42 are
valid, is independent of the transistor gain and is related only to the
saturation and circuit resistance, inductance and turns ratio.

The pulse width is conveniently controlled by the turns ratio, and a
large value of N, stepdown between collector and base, decreases the pulse
width, while a small value of N increases the width. The collector current
however, increases as the turns ratio is decreased and should be calcu-
lated to avoid excessive power dissipation. The maximum collector cur-
rent reached is given by Equation 6-0.43.

Ts T2
Vee (1 + _Nrb> CpE —rb
ic = . - 6-0.43
s 2 T's
Nr 1 - 59— +oage— |1+
2 \: N2,  CFE T ( erﬂ

If the current gain is large,

Ve Apg T2 7> Tp
ic max “Nrp F 7, {Nr o 6-0.44
b 2

The operation of the grounded base blocking oscillator is essentially
the same as that described for the grounded emitter configuration. In the
common base circuit the output voltage may exceed the supply voltage and
go positive. The collector to base voltage in the grounded emitter block-
ing oscillator goes positive also. The repetition rate is limited partly by
how much the transformer has to be damped at the termination of the
pulse in order to protect the transistor. An increase in transistor voltage
rating allows a higher duty cycle, for given constant output pulse dimen-
sions, up to the point where damping is required to prevent ringing.

Figure 6-0.17 shows a common base blocking oscillator in which
saturation is prevented by clamping with source V; and CR;.
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Fig. 6-0.17 - Nonsaturated blocking Fig. 6-0.18 - Direct-coupled
oscillator with emitter feedback transistor flip-flop

Linvill has shown that to obtain a maximum response time for normal
transistor parameters, a transformer ratio of about 5 to 1 (stepdown
between collector and base) is best, although loading will affect the proper
values (3). In addition, the triggering energy is not significantly different
for base, emitter, or collector triggering. However, the impedance change
during the initial switching phase at these triggering points varies con-
siderably. The source impedance of the triggering device influences the
triggering connection used. For collector triggering the input impedance
increases from an initial value of a few hundred ohms to several thousand
ohms. The input impedance for emitter triggering decreases from a few
hundred ohms to 40-50 ohms and then increases to the original value. For
base triggering after an initial drop, the input impedance remains constant
at a few hundred ohms.

G. Direct-Coupled Transistor Methods

Direct-coupled transistor logic (DCTL) represents a class of circuits
that have achieved widespread use. The direct-coupled circuitry charac-
teristically utilizes saturated operation and low levels, and has been
accepted because of its great simplicity and complete utilization of tran-
sistor characteristics (10).

Figure 6-0.18 illustrates the basic design of a direct coupled tran-
sistor flip-flop circuit.

Operation of the flip-flop depends on the saturated collector voltage
of the "on'' transistor being low enough to prevent conduction of the other
transistor when this voltage is applied to its base. Since the flip-flop
transistors are never cut off completely, there are strict requirements
onthe maximum leakage currents that can exist when the base is forward
biased slightly. In addition, the saturation voltage must also be low. The
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transistor characteristics required depend on the system application, to a
large degree, and are usually determined on this basis.

The logic networks for DCTL presented in Part 7 will illustrate the
design procedures more clearly.

H. Negative Resistance Circuit Methods

Negative resistance devices recently achieved prominence with the
availability of the p-n-p-n four-layer diode. The p-n-p-n units are both
two and three terminal devices. The negative resistance characteristically
results in rise times less than most other present types of semiconduc-
tors, and at current levels useful for core drivers and clock generators.

The voltage-current characteristics for the two terminal p-n-p-n are
shown in Figure 6-0.19.

The p-n-p-n may be used in a monostable, astable or bistable con-
figuration. The circuit of Figure 6-0.20 indicates the resistance value
required for monostable and bistable operation, while the associated load
lines are indicated in Figure 6-0.19.

pt. B pt."C" INPUT TRIGGER

il

it

~Vee -Vee
MONOSTABLE BISTABLE
Fig. 6-0.19 - Voltage-current char- Fig. 6-0.20 - p-n-p-n circuit
acteristics for the p-n-p-n diode configurations

For the monostable case, the static operating point (point "a'") is
lowered by the input trigger to the breakdown voltage v_ and the capacitor
C, discharges through the p-n-p-n and CR; and follows a locus as shown.
The circuit current that flows through R, is determined by the supply
voltage (the charged voltage of the capacitor) and the circuit resistance

213



excluding R;. Currents as large as 10-20 amperes, with rise times of
10-30 mis, are possible.

The current reduces after it reaches its peak value at point ''b,'" since
the capacitor cannot maintain the current. Eventually, the operating point
reaches point ''¢" where it returns to the original static point "a."

In the bistable circuit the "off' condition, at point "'a," allows a few
microamperes of leakage current to flow. The circuit may be triggered
on in the same manner as the monostable circuit. -The diode CR, prevents
the load R; from reflecting back to the trigger. Only a few microamperes
of input current are required to turn on the device to point "b." However,
the turn off current of the trigger must reduce the operating current to a
value below i,. The capacitor C; conveniently provides the stored charge,
but also limits the maximum repetition rates possible. R; is typically
about 1K-5K for monostable operation, and C; is about 2000 puf for cur-
rents of 1-3 amperes. The recovery time for C, to recharge (the p-n-p-n
is off during this time) is about 10 HUs. The p-n-p-n devices are also
finding considerable use in low level logic networks, since their "on'" to
"off"' resistance ratio is in the order of 10°,

I. Other Circuit Methods

Multivibrators and other switching circuits are designed in a manner
similar to those illustrated. The precise considerations of these circuits
will be described for each of the specific selected circuits.
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Convair-Pomona

CIRCUIT 6-1

SATURATED RC COUPLED FLIP-FLOP

Contributed by J. W. Flaherty

The saturated flip-flop of Circuit 6-1 is a simple and direct approach

to the design of switching circuits.

The emitter resistance, R,, is often

omitted to establish the ''on' voltage level at near ground and simplify the
design. The "off" voltage level is not well established and may vary from
one circuit to another, depending on the loading.

TVCC=-|8V

2N427

2N427

Circuit 6-1 - Saturated RC coupled flip-flop
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Circuit 6-1, Saturated RC Coupled Flip-Flop (cont'd.)

The design procedure will include an emitter resistance to give a
general design method.

The use of the emitter resistor in the saturated flip-flop provides
degeneration and improves the stability. The voltage drop across the
emitter resistor determines the level at which saturation occurs and
hence the "on' level of the collector, However, variations of transistor
characteristics cause this voltage level to change. This fact also com-
plicates the design procedure.

The actual design method should depend on the circuit characteristics
that are considered important. The design method described here
assumes that saturated operation is desired for a range of transistor
parameters, that a specific minimum amount of saturated current is
desired, and that the '"on' collector level is important and the temperature
limits are to be specified. Initially Vg Will not be included in the design
and the base resistors are returned to ground.

For saturation to exist, the emitter current must meet the following
inequality:

ip 2 Vee , 6-1.1
" R; tapg Ry

A\

where

R; (R + R,)
R, =3 6ﬁ2. 6-1.2
' " Rg * Ry t R

The above equation is useful in checking the final design. A minimum
app should be used in the equation, since saturation becomes less positive
as the value of apy decreases, and it is assumed saturation is desired at
some minimum agg.

The design method is conveniently carried out by first specifying the
saturation voltage level of the "on" collector (ve on)*

Ve on = 1g Ry VCE - 6-1.3

The vop is normally specified by the transistor manufacturer, but is
approximately 0.2 volt for most transistors.




Circuit 6-1, Saturated RC Coupled Flip-Flop (cont'd.)
| After selecting the ''on'' collector voltage, the "off'' base voltage is
| chosen on the basis of triggering and stability. It is the difference (Av)
. between the ''off" base voltage and emitter voltage that is important and

. should be specified.

N VC on RG
E R6+R2

where
vg is the emitter voltage (ig R;),
Ve on iS the saturated collector voltage,
Ve on = VE } 0.2 volt.

After selecting Av, Equation 6-1.4 may be used to obtain a value for
the ratio of Ry and R,.

The average I.5is determined at the maximum operating tempera-
ture. This may be found from the manufacturer's specifications, or
measured directly. The I, flows through the equivalent base resistance
in such a direction to reduce Av. Rj3 and Ry (and hence R, and Rs) are
chosen so that Av is not reduced to zero before the maximum temperature
is reached.

Rg (Ry + Ry)

Av:R +R2+R1 CO max ’

6-1.5
6

From this equation, a second relation for Rg and R, is obtained, in
terms of R,.

To maintain saturation, the base current must agree with the ine-
quality of Equation 6-1.6. )

A v
. CC C on
Org 1B > _Rl - —Rll 6-1.6

where

R,_RI(R6+R2)
1 "Rg +Ry t Ry
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Circuit 6-1, Saturated RC Coupled Flip-Flop (cont'd.)

or

Vee Re /Vcc Ve on
Rll ‘ 6—1.7

apg R >\R1
Rg (R tRy) + m (Rg R, +Ry)

To continue the design, R, is chosen on the basis of loading consider -
ations and using Equations 6-1.4 and 6-1.5, R, and Rg are calculated. The
emitter resistance is then calculated from Equation 6-1.7 using the mini-
mum app anticipated. This value of R, will provide saturation only for agg
values above this minimum value.

The base supply voltage (Vgg) is often used to provide a larger "off"
base voltage without requiring a large "on" collector voltage. The base
bias voltage becomes necessary if the emitter resistance is zero, The
design procedure is not changed appreciably for the inclusion of Vpp and
the design equations become

Ve on - ig R, + vg 6-1.8
Ve on RG RG
AV:V -——V 1__ 6‘1.9
E Rg R, BB Rg * R,
R (R, + R))
6 (Kj 1
Av = — 6-1.10
CORg * Ry + Ry
Vec Re - Vpp Re
AFE min R,
Rs (Ry *Rp) + (7o (Rg*+Ry *R)
FB
6-1.11
N Vee Ve on V_BE_ VBB

Rt Ry Rr Ry

Circuit 6-1 is capable of operating at repetition rates of about 200 KC and
is intended for use as a stable, low speed flip-flop. The transistor char-
acteristics are not an important consideration, except that ag, must be
consistent with the limits imposed by the design procedure.
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CIRCUIT 6-2
NONSATURATED RC COUPLED FLIP-FLOP

Lincoln Laboratory M.I.T. Contributed by R. E. McMahon

Circuit 6-2 is a basic flip-flop that is designed for nonsaturating
operation. The circuit allows a range of alpha values from 0.90 to a
theoretical unity, without saturation or instability. The output voltage
swing has been designed for a maximum of 10 volts while the power is
well within the transistor rating.

TVcc“ZOV
Ri of Co §R4
5.6K l E } l 5.6K
500)1)Jf ‘ SOOP)Jf
Ro Rs
Q —A\\N— —ANN—
I 27K 27K Q2
2N427 2N4z27
R3 R3
0K 0K
R7
IK
[

Circuit 6-2 - Nonsaturated RC coupled flip-flop
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Circuit 6-2, Nonsaturated RC Coupled Flip- Flop (cont'd.)

The circuit is not intended for high speed operation and the cross
coupling capacitors are chosen for over driving characteristics at the
expense of speed.

A bypass capacitor may be added from the common-emitter point to
ground to improve the triggering and gain characteristics. It is possible
to obtain an optimum capacitor value that improves the triggering without
a degeneration of the circuit response.

The circuit is designed to operate from -20° C to +70° C with
adequate margins and stability. The output rise time is less than 0.1 Us
while the fall time is about 0.2 Us. The output loading is capable of sup-
plying moderate loads.

The circuit is unsophisticated and employs no novel techniques; how-
ever, it has been life-tested over long periods and displays excellent long

term reliability.

The variation of output voltage level restricts the circuit to special
applications or simple systems.
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CIRCUIT 6-3
DIRECT-COUPLED TRANSISTOR FLIP-FLOP

Philco Corporation Contributed by J. B. Angell

TVCC= -3V

Ry
3300 3300

J
ol

Q3 Q4
S%?_@_‘ RESET
2N496 2N496 2N496 2N496
O- —O0

&
B

2N496 2N496

&
e

2N496 2N496

Qo0

=
B

2N496 2N496

as

Circuit 6-3 - Direct-coupled transistor flip-flop
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Cir