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S Upper noise corner frequency

Ir Gain-bandwidth product frequency

A Alpha cutoff frequency

Sz Beta cutoff frequency

F (E) Fermi distribution function

g Conductance
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& Output conductance

& Conductance

&y, Feedback conductance, Giacoletto config.
&, Input conductance, Giacoletto config.

g Modified output conductance or 4,

8 Average value of g,

L. Output conductance, Giacoletto config.
&en Negative limit value of g,

8 Positive limit value of g,

L Static value of g,
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8¢ max Maximum value of g,

& Average value of g,

& : Negative limit value of g,

& Positive limit value of g

85 Static value of g,

8 Input conductance
& Intrinsic input conductance

Bi'max ' Maximum value of g’

80 &y 81, Values of input conductance

L Average value of input conductance

&Zin Negative limit value of input conductance
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& Positive limit value of output conductance
8o Static value of output conductance
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Lo, Diffusion conductance—p-type material
G Conductance parameters

G, Shunt input conductance
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h Planck's constant

hy, Input hybrid parameter

hy, Reverse hybrid parameter

hy, Forward hybrid parameter

hy, Output hybrid parameter

h, Forward hybrid parameter

hy, Common-base forward hybrid parameter

hy Common-collector forward hybrid parameter
h, Common-emitter forward hybrid parameter

h; Input hybrid (impedance) parameter

h, Input hybrid parameter with RF emitter

h, Output hybrid (admittance) parameter

h,, C-B output hybrid parameter

Ao C-Coutput hybrid parameter

h, Reverse hybrid parameter

h,, C-Breverse hybrid parameter

h,. C-Creverse hybrid parameter
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i, Small-signal base current

i, Small-signal collector current

i, Small-signal emitter current

i Current in feedback resistor

i Input current

i, Output current

i, Source current

Iy Instantancous total base current

ic Instantancous total collector current

Ip Instantancous total emitter current

i Instantancous total load current

Iy Instantanecous total output current

is ) Instantancous total source current

1, Base current, Ebers-Moll equation

I, Base current component, Ebers-Moll equation
1, Base current component, Ebers-Moll equation
1, Average base current

1, Base current for maximum collector dissipation
I, Negative limit base current

1, Base current component, Ebers-Moll equation
1, Positive limit base current

1, ] Saturation base current

1, Base current when I, = i, = —1,

A Collector current, Ebers-Moll equation

I, Maximum collector current

I, Collector current component, Ebers-Moll equation
I, Average collector current

I, Collector current for maximum dissipation
I, Negative limit collector current

I, Collector current component, Ebers-Moll equation
z, Positive limit collector current
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I, Peak dynamic collector current

I, Peak collector current on static load line
1, Collector nominal cutoff current 7,

I Drain current

1, Emitter current

I, Average emitter current

I, Emitter current for maximum collector dissipation
1, Negative limit emitter current

I, Positive limit emitter current

I, Emitter current (zero value) minimum /- condition
I, Negative limit current

I, Average output current

I, Output current for peak dissipation

I, Negative limit output current

I, Positive limit output current

I, Output current at collector cutoff

1, Positive limit current

I Static current value

I, Average source current

I, Source current at peak dissipation

1, Negative limit source current

I, Positive limit source current

1, Source current at collector cutoff

1, Total current in cross-coupling network

Iy Base current

Iy DC value of base current

Iy, Instantancous base current, condition 2

Iy, Instantancous base current, condition 1
Lor Maximum value of signal base current

1. Collector current

I DC value of collector current

oy Maximum value of signal collector current
I DC value of emitter current

Iy Maximum value of signal emitter current .
1, DC output current

Loy Maximum value of signal output current
I DC source current

Iy, Maximum value of signal source current

J Imaginary operator for shifting phase by 90 deg
k Boltzmann's constant

k Arbitrary constant

k Cocfficient of coupling for inductors

k Ratio 7,(R, + R)/ Vg

k Nominal amplification for mixer = 0.5 8f'maxRy
k, Critical coupling coefficient

K Amplification

K, K, K, Legendre gain coefficients

Average amplification
Feedback voltage gain

;: \k nk
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K, Current gain

K,.. Maximum amplification

K Minimum amplification

K, ) Negative limit amplification

K, Positive limit amplification

K, Static amplification value

K, Voltage amplification

K, Forward amplification with feedback

K, Modified forward amplification with feedback

K, Voltage gain at reference frequency

K, Loop gain with feedback

K Total stage amplification, RF amplifier

L Inductance

r Inductance modified by capacitor in Clapp oscillator circuit
L Primary inductance

L, Secondary inductance

L, L, Oscillator inductances

L Effective inductance

L, Electron diffusion length

L, Electron diffusion length, collector region

L, Hole diffusion length

L. Inductance of coupling coil

L, Effective inductance in presence of Cp

L, Leakage inductance

L, Total inductance

m Mass of electron

m Has value 0.5 g;1paxZs

m] Electron mass near edge of conduction band

mY Hole mass near edge of valence band

M Mutual inductance

n Number of electrons per unit volume

n Exponent

n Order of orthogonal polynomial

n, Number of electrons per unit volume

n Effective number of electrons per unit volume

n, Number of holes per unit volume

n; Number of thermally generated carriers per Unit volume
n; Input turns

ng Thermally generated carriers per unit volume in germanium
His Thermally generated carriers per unit volume in silicon
n, Number of electrons in n-type material

n, Output tums

n, Number of electrons in pty pe material

n, Primary turns

n, Secondary turns

b Number of thermally generated holes per unit volume
Py Number of holes in n-type material
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Py Number of holes in pty pe material
pF Picofarads or pu F
P, Collector power dissipation
Q Tuned circuit @factor
Q Quiescent point or static point
Q. Quiescent point “a”
o, Quiescent point “b”
o, QO-factor for coupling circuit
g, @factor of parametric amplifier at its idler frequency
0o, C-factor of parametric amplifier at its signal frequency
Q. Stored charge
Q, Unloaded tuned (-factor
QRS T Matrix relations of arbitrary and independent variables
r, Base resistance
Tho' r,rat reference temperature 7,
r. Collector resistance
r Resistance in Tee representation
2 Input resistance
In Mutual resistance
R Resistance component
R Resistance
R,, R, R, Resistances
R, Base resistance
R, Feedback resistance
R, Collector load resistance
R, Collector load resistance (feedback)
R,R, R, Ry R, Emitter resistances
R, Neutralizing resistance
R, Source resistance
R, Base-return resistance (unknown)
R Collector supply resistance
R, T Load resistance
R, R, S Specific load resistances
Ry Dynamic load resistance
R Standard resistance
R - Resonant resistance
Re Real part of
S, aic/alm +1
S, di fal_ + 1
S, . Qi c/aub/
? 3i, ol
€ © i fow,
1 Ratio of R,,/R,
I Fall time
t, Rise time
A Storage time
T Absolute temperature
T Set of network trees
T Time constant

2-T Set of network two-trees
xxii
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T, Reference temperature

u Arbitrary dependent variable

U Unilateral gain

v Arbitrary dependent variable

v, Signal component of base voltage

v, Signal component of collector voltage
v, Signal component of emitter voltage
n Signal component, emitter-base voltage
v Input voltage, signal component

v, Signal component of output voltage
v, Signal component of source voltage

v, Signal voltage

Vg Instantancous total base voltage

Ve Instantaneous total collector voltage
Vg Instantaneous total emitter voltage

Ve Fermi drift velocity

Vo Instantaneous total output voltage

Vg Instantancous total source voltage

4 Voltage

vV Internal trees of network

v, Instantaneous plate voltage

Vi Average base voltage

Vim Base voltage at maximum dissipation
Vin Negative limit base voltage

Vio . Positive limit base voltage

Vi . Base voltage for saturation

Vi Base voltage for collector cutoff

V. Instantancous grid voltage, collector voltage

Ve Average collector voltage

Vy Collector-to-base voltage

Ve Collector voltage at maximum dissipation
V., Negative limit collector voltage

Voo Positive limit collector voltage

Vesar Collector saturation voltage

V., Saturation collector voltage

V., Collector voltage at cutoff

Ve Average emitter voltage

Ve Emitter voltage at maximum dissipation
Ve Negative limit emitter voltage

Ve Positive limit emitter voltage

Emitter voltage at cutoff

Gate voltage, field-effect transistor
Base terminal voltage

Negative limit voltage

Average output voltage

Negative limit output voltage
Positive limit output voltage
Output voltage at cutoff

Positive limit voltage
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Average source voltage

Vi
V., Negative limit source voltage
V, Positive limit source voltage

v, Source voltage at cutoff
Vg Applied bias voltage
Vg Static value of base voltage
Ves Plate supply voltage
Ves Base supply voltage
Faro Plate voltage at essentially zero grid bias
Vou Maximum value of base signal voltage
Ve Applied collector voltage
Ve Static value of collector voltage
Vee Plate supply voltage for equivalent ideal transistor
Vee Collector supply voltage
Ve Maximum value of collector signal voltage
Ve Static value of emitter voltage
Veg Base voltage at base-emitter junction under high-injection
conditions
Vee Emitter supply voltage
Ve Maximum value of emitter signal voltage
V, Static value of output voltage
Vou Maximum value of output signal voltage
Voo Output circuit supply voltage
Vs Static value of source voltage
Vor Maximum value of source signal voltage
Vs Source supply voltage
who Driving-point two-trees
Wio Transfer two-trees
io Power input
W, Arbitrary independent variable
x Current ratio variable
X, Arbitrary source vector
X Reactance component
X, Load reactance
X, Link reactance
y Arbitrary independent variable
y Source-sink admittance
Yu Input admittance
Yo Reverse transfer admittance
by Forward transfer admittance
2 Output admittance
Ve Modified output admittance = 4,
Yea Average modified output admittance
Yen Negative limit value, p,
Ve Positive limit value, y,
Vs Static value, y.
Yr Forward admittance
yr Intrinsic forward admittance
Vi Average value of forward admittance
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Vi Negative limit value of forward admittance
Yso' Forward admittance at reference temp.

Y Positive limit value of forward admittance
Vs Static value, forward admittance

¥ Input admittance

v Intrinsic input admittance

Vi Average input admittance

Pin Negative limit input admittance

Yio' Input admittance at reference temp.

Vi Positive limit input admittance

Vis Static value, input admittance

v, Output admittance

Vou Average output admittance

Von Negative limit output admittance

Yop Positive limit output admittance

Static value output admittance

Reverse transfer admittance

Feedback admittance

Reference source-sink signal admittance
Equivalent total feedback admittance

Yparameters

CoefTicients of power-series expansion of admittance function
, 1, Y, Y Shunt admittance elements of ladder network
, 1, Y, Y, Admittances
, ¥, ¥ Series admittance elements
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Primary-side shunt capacitive admittance

Y, Secondary shunt capacitive admittance
Y, Overall forward admittance
Y, Overall average forward admittance
Y, . Overall negative-limit value ¥;
Y, Overall positive-limit value Y,
Y, Overall static value ¥;
Y, Overall input admittance
Y Maximum value of admittance Y
Y. Minimum value of admittance ¥
Y,, Primary magnetizing admittance
Y. Secondary magnetizing admittance
Y, Admittance equal to 1/(, + R)
Y, Transfer admittance
z Turns-ratio, ns/np
z, Input impedance
2, Reverse impedance
2z, Forward impedance
z), Output impedance
2, Mutual impedance

oz, Mutual impedance
z Forward impedance
z,, Forward impedance C-Base
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z Forward impedance C-Collector
z Input impedance

- Input impedance C-Base

Z, Input impedance C-Collector

z, Output impedance

z, Output impedance

Z, Output impedance C-Base

Z,, Output impedance C-Collector

z, Reverse impedance

Z Reverse impedance C-Base

Z,. Reverse impedance C-Collector

Z Relative impedance level

VA ! Ziparameters

Z, Z, Z,, Z, Series impedances, ladder network
Z, Z, Impedances of network

Z, Emitter impedance

Z, Input impedance

Z, Terminal impedance

Z, Total impedance in reference circuit
VA Impedance at reference frequency
Z Source impedance (“spreading resistance™)
Z, Load-circuit impedance

Zp Tuned or untuned load impedance
Z, Crystal impedance

A Transfer impedance

a Current gain

a Arbitrary source parameter

a, Reverse current gain

ax Forward current gain

B Current gain

B Proportionality factor

Y Multiplication factor 0 < y < 1
Y. «  Current increment 8/,,/dT

) Hybrid factor = 1 ¥ 4, — &, + A%
& Number <€ 1

A, Arbitrary single parameter

Af, Frequency increment

Ag, Total change in g,

Ags Total change in g,

Ag, Total change in g,

Ag;. Total change in g,

Ag, Total change in g,

A(A) Value is 4k, — & fhr

Aiy Base current change

Al Base current change

AL Collector current change

Al Emitter current change

Aj, Output current change

Al Source current change
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AL, Change in 1,

AK Change in amplification

AK, RMS change in K in oscillator

AP, Change in collector dissipation

AT Change in temperature

Av, Base voltage change

Av, Collector voltage change

Av, Emitter voltage change

Av, Output voltage change

Av, Source voltage change

AV, Negative voltage change from static

AV, Positive voltage change from static

AY) Value is.ino -V,

Ay, Change in y,

Ay, Change in y,

Ay, Change in y;

Ay, Change in ¥,

A(2) ‘ Value is 22, —z r

Aw Radian frequency increment

Aw, Radian frequency increment

K Efficiency factor

K, Control grid efficiency factor

K, Screen grid efficiency factor

Ar Mean-free-path

A A = ¢/(kT)

n Triode amplification factor

JTo Control grid to screen amplification factor

o Conductivity

o, Intrinsic conductivity

o, n-type conductivity

o, ptype conductivity

g, Collector ptype conductivity

o(g) &+g +8& ts

o(R) Summation 7, R, + R,

ok Summation 7, R, i R,

O'(y) Yi+yf+yr+yo

o(2) z —z — 2z + z,

T, Lifetime in PNP transistors (minority carriers)
Tr Relaxation time

¢ s “Contact” or barrier potential

@ Radian frequency

g Ladder oscillator radian frequency

, Nominal R-C radian frequency (w,RC = 1)
, Roll-off radian frequency knee, emitter follower
@, Level-off radian frequency knee, emitter follower
o, Nominal resonant radian frequency

@, Reference radian frequency, parametric amplifier
@ Idler radian frequency, parametric amplifier
@, Signal radian frequency, parametric amplifier
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FOREWORD

This book was originally published by Prentice-Hall under the title Handbook of
Transistor Circuit Design. Its author, Dr. Keats A. Pullen, Jr., of the Ballistic Research
Laboratories, Aberdeen Proving Ground, selected as his goal the presentation of a
unified approach to the design of reliable transistor circuits, and also the presentation
of an approach that based the design on fundamental properties capable of rather
precise specification. Experience based on the developed techniqueshas proved that the
approach was uniquely oriented to serve as an aid to the design of reliable circuits.

More recent experience has shown that the ideas developed in the book had a much
broader scope than was originally conceived, and, with certain modifications, the
described procedures can help the reader and user to increase potential reliability of
circuits based on the improved understanding by as much as an order of magnitude
or more. In addition, the techniques are equally applicable to field-effecttransistors
(FET’s) and other active devices.

In the original edition, the first few chapters were included to provide the junior
reader with a brief review of the physics of transistor operation. With this new edition,
the review material is being condensed substantially, and new material having more
direct applicability to reliability physics is developed. The scope is also enlarged
through the inclusion of some largely new material bearing on the operating theory and
properties of field-effect transistors of both the diode and the insulated-gate varieties.

The nature of the fundamental physical limitations for devices which affect the
design of circuits is of particular importance to the applications specialists, because
these kinds of limitations have a way of keeping designers from reaching a desired goal.
One such limitation, which we shall call the gain-power limitation, has been responsible
for the fact that the output power per transistor available from tuned class C amplifiers
has remained at approximately 50 W for the past decade in spite of the predictions
commonly publicized ten or so years ago. A revised Chapter 3 is reserved to the
consideration of these limitations.

The chapters dealing with circuit design procedures and those in which the basic
algebraic relations are developed present material that can be applied to field-effect
transistors as well as to the more common bipolar types. In addition, as indicated, with
relatively small changes the same techniques can be applied equally well to the design
of electron tube circuits. In all of these applications, one of the most vital steps in
optimization of the design is to redesign to find the minimum supply voltages (particu-
larly for the collector) which produce required conditions of operation. It should never
be forgotten that a base-junction voltage change of less than a quarter of a volt can
change device collector current by one thousand times.

One of the important considerations in any circuit design problem is having the
proper information available to enable the designer to obtain a reliable circuit. The
development of the required information on characteristics and parameters, and the
ordering of them in the most useful form is often called “information engineering”. The
techniques of information engineering are used extensively in the handbook, although
this usage is largely implicit. A new appendix, Appendix H, has been added in which
a discussion of the basic principles of information engineering is included for the use
of the reader. An additional new appendix, Appendix I, also has been added in which
the Fermi or diffusion mode of operation of field-effect transistors is described briefly.

Xxix/xxx
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PREFACE

The word “handbook” is defined in Webster’s New Collegiate Dictionary as “a
manual; a guidebook™. In the engineering and scientific fields, a handbook is under-
stood to be a book containing a relatively brief but thorough and complete exposition
of a given subject or group of subjects.

Based on the above definitions, this Handbook is a handbook in the dictionary sense,
and, in fact, it is more than a handbook. It might be called a “reliability” handbook
inasmuch as it is a guidebook to a systematized approach to the design of circuits using
active devices under conditions of minimum dissipation. It is a handbook also in the
sense that information on related science, which has proven useful in the design of
reliability into circuits for active devices, has been included. Several of the techniques,
notably the topological method and the orthogonal handling of nonlinearities, have
been developed to provide a higher degree of usefulness than previously had been
available.

The orientation of this handbook is in one sense practical and in another sense
analytic. It is practical in that it gives design procedures which can significantly
improvethe potential reliability of transistor circuits. These procedures are coordinated
and consistent with one another, and they are selected in a way that takes advantage
of the more stable properties of the active devices.

This handbook is analytic in the sense that the methods used are subjected to
considerable mathematical and scientific scrutiny prior to adoption and also because
a considerable body of analytic procedure not previously applied extensively in elec-
tronics is utilized for improving the finally resulting circuits. The use of organization
procedures for characteristic data of semiconductor devices leads to a better under-
standing of the devices themselves, and it also leads to more efficient design procedures.
Likewise, the use of topological methods of analysis of sections of circuits makes
possible coordination of relatively complex subnetworksin the synthesis of circuits to
specified characteristics.

The first chapter contains a descriptive review of the properties of conductors,
semiconductors,and insulators and develops the conductivity and mechanical relations
required for generation of diode and transistor action. It is followed by a chapter on
the theory of specification of data for devices, the chapter leading to establishment of
the parameters and the variables used in this handbook.

The third chapter discusses methods of measurement of the properties established
as important in transistors and related devices. Many useful measurement techniques
are described. The following chapter includes derivations of the basic operating equa-
tions for typical operating configurations and develops many ‘ofthe significantrelations
among the standard representations.

In addition to the main chapters, the Handbook contains an extensive table of
symbolsand definitions and a series of nine appendices discussing important peripheral
questions such as the derivation of small-signal distortion equations —both through the
use of trigonometric relations and orthogonal input-output relations—considerations
on elliptical load contours, and topological equation derivations. An extensive bibliog-
raphy is reproduced from the Prentice-Hall edition, and an extensive set of typical
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characteristic curves on bipolar transistors also is included. The remaining appendices
include a convenient nomograph for solving the transistor gain/admittance equations,
and two additional appendices, one dealing with the principles of information engineer-
ing, and the other with the significance of the Fermi limitation on the operation of
field-effect transistors.

The Engineering Design Handbooks fall into two basic categories—thoseapproved for
release and sale, and those classified for security reasons. The US Army Materiel
Command policy is to release these Engineering Design Handbooks in accordance with
current DOD Directive 7230.7, dated 18 September 1973. Al unclassified Handbooks
can be obtained from the National Technical Information Service (NTIS). Procedures for
acquiring these Handbooks follow:

a. All Department of Army activities having need for the Handbooks must submit
their request on an official requisition form (DA Form 17, dated Jan 70) directly to:

Commander

Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, PA 17201

(Requests for classified documents must be submitted, with appropriate “Need to
Know” justification, to Letterkenny Army Depot.)) DA activities will not requisition
Handbooks for further free distribution.

b. All other requestors—DOD, Navy, Air Force, Marine Corps, nonmilitary
Government agencies, contractors, private industry, individuals, universities, and
others—must purchase these Handbooks from:

National Technical Information Service
Department of Commerce
Springfield, VA 22151

Classified documents may be released on a “Need to Know” basis verified by an official
Department of Army representative and processed from Defense Documentation Center
(DDC), ATTN: DDC-TSR, Cameron Station, Alexandria, VA 22314,

Comments and suggestions on this Handbook are welcome and should be addressed to:

Commander

US Armmy Materiel Command
ATTN: AMCRD-TT
Alexandria, VA 22333

(DA Forms 2028, Recommended Changes to Publications, which are available through
normal publications supply channels, may be used for comments/suggestions.)
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CHAPTER 1

BASIC PRINCIPLES

1-0 PURPOSE OF THIS HANDBOOK

The principal objective of this handbook is to develop
and describe a systematic method of design of tran-
sistor circuits. This method is capable of providing rea-
sonably accurate results quickly and easily. In
accomplishing this purpose, however, it is desirable to
include a limited amount of theory of the behavior of
the devices in their circuits in order to clarify the rea-
sons for some of the design procedures. Because of the
relative confusion in the semiconductor field over the
choice of variables and parameters, and because of the
sketchiness of the tabular data on the parameters, it
also appears desirable to discuss briefly some of the
simpler measurement techniques that can be used by
the circuit designer for checking the properties of active
devices.

The casual reader of the table of contents might
think that including material on such subjects as sym-
bology, topology, orthogonal polynomials, appropriate
choice of variables and parameters, selection of the
common electrode, methods of measurement, and the
best form of network configuration represents an un-
necessary digression from the major purpose of this
volume. Review of the wide variety of approaches to
circuits appearing in articles, papers, and textbooks,
however, shows that the subject of circuit design for
transistors contains many contradictions. It is for this
reason that an effort must be made to establish a single
consistent system of design that includes the most im-
portant individual techniques as limiting cases. Such a
system can be useful and helpful to the practical de-
signer because it makes unnecessary the use of a variety
of alternative methods that for one reason or another
may be of limited applicability.

The system of design described in this book has other
important advantages that may not be immediately ob-
vious. For example, the characteristics of operation of
a circuit can be analyzed by the described method to
the extent that a considerable part of the experimental
test time usually required in the laboratory becomes
unnecessary. As a consequence, the reliability of opera-
tion obtained is such that appreciably less coordination

time may be required to obtain unified operation of the
complete system. The objective of the first four chap-
ters is to develop the techniques and procedures re-
quired with this systematized approach.

After the basic information problems have been eval-
uated, the subject of the subsequent four chapters is the
design and the stabilization of simple circuits. Chapter
5 considers the design of four basic configurations:

1. Common-emitter amplifiers
2. Common-base amplifiers
3. Common-collector amplifiers

4. Degenerative-emitter amplifiers.

Chapter 6 discusses the stabilization problem, the
problem of keeping the transistor operating properly
over a range of both ambient temperature and power
dissipation. Following this chapter on stabilization, at-
tention is next directed to transformer-coupled amplifi-
ers, and the design of a variety of types of these amplifi-
ers is considered. Transformer-coupled transistor
amplifiers are much more important than their tube
counterpart because the use of a transformer with a
transistor may permit reduction of the total circuit
power input by a factor of two or three as compared
with a few percent change in the sum of heater and
plate power input if a transformer-coupled tube circuit
is used. The final chapter in this group, Chapter 8,
considersthe design of RF and IF amplifiers, including
also a discussion of the problem of automatic control
of gain.

The next three chapters examine the fundamental
principles of operation of different types of oscillators,
examining in particular the problem of initiation and
build-up of oscillation. The first chapter of the group
discusses the mathematics of relatively linear feedback
networks. The second applies the theory to L-C oscilia-
tors, and the third develops the theory for use with R-C
oscillators.

In Chapter 12, the theory and design of mixers and
converters are considered and the relation of their
behavior to the characteristics of oscillators and am-

11
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plifiers studied. The use of parametric amplifiers and
tunnel diodes is also discussed.

In Chapters 13 and 14 the design of circuits having
high degrees of nonlinearity, such as multivibrators and
counting circuits, is analyzed. The objective in both
these chapters is to provide a systematic approach that
gives as complete a picture of the behavior of typical
circuits as is possible. Likewise, design procedures are
considered in detail.

Such material as is available on tunnel diodes at the
time of writing isbeing included in appropriate sections
of this book. In particular, some notes on the measure-
ment of the current-voltage relation and the negative
conductance of the device is explained in Chapter 3,
some comments on the use of the devices as amplifiers
in Chapter 8, some notes on mixer applications in
Chapter 12, and bi-stable applications in Chapter 14.

Because of the breadth of coverage of the material in
this book, it of necessity cannot be a textbook but must
build to a considerable extent on other documents. For
this reason an extensive list of bibliographical refer-
ences is included. References to particularly important
papers include a brief synopsis of the content. Two
general references that might be noted separately are
Conductance Design of Active Circuits (Ref. 1), and
Chapter 12 of Radio Engineering Handbook, edited by
Henney (Ref. 2). These references indicate some of the
more fundamental procedures in greater detail than
they can be recounted here. The first of these gives
considerable detail information on the application of
similar techniques to tube circuit design, and shows
how the additional data can be used to enhance reliabil-
ity and efficiency.

1-1 PROPERTIES OF CONDUCTORS

Solid materials can be separated into three different
classes, namely, conductors, insulators, and semicon-
ductors. The group of conductors includes largely the
metals having valences one, two, and three. All of these
materials have large numbers of free electrons for con-
duction of electric currents. In terms of the valence and
conduction bands, this means that at normal or room
temperature there are available unoccupied energy po-
sitions to which the electrons can move with only very
small increments of applied energy. In terms of the
theory of quantum energy states, at the temperature of
absolute zero, there is a group of states all of which are
occupied, and there is a higher energy group of states
all of which are vacant. As the temperature of the
material is gradually increased a few of the states oc-
cupied at absolute zero become unoccupied, and the

1-2

electrons that occupied them move into some of the
higher energy states. As a consequence, as is shown in
Fig. 1-1, whereas the probability of occupancy of any
given energy state at absolute zero temperature is either
unity or zero, as the temperature is increased the proba-
bility of occupancy of any one given state near the edge
of the nominally occupied arca may decrease to a value
as small as one-half, and the probability of occupancy
of a state in the nominally unoccupied arca may rise to
as much as one-half.

Now, the curves in Fig. 1-1 imply that there is a
continuous distribution of possible energy states availa-
ble in the conductor. Actually, although there may be
a very great number of possible states available over the
range, there actually is a finite number of them, and
they are located at finitely spaced increments from one
another. In addition, there are actually ranges of en-
ergy, or energy bands, for any given material in which
there are no occupiable states for the electrons at all.
These areas may be difficult to find in a material whose
atoms are not arranged in an orderly fashion (such a
material may be called an amorphous or a polycrystal-
line material) because such a disorder introduces dis-
tortion into the fields around the individual atoms, and
may thereby introduce spurious levels. These addi-
tional 'levels are sometimes called trapping levels.

Materials that have a high electrical conductivity are
ones in which the boundary between the occupied and
the unoccupied states (commonly called the Fermi po-
tential) falls in one of the bands having closely spaced
possible energy levels. In these materials the removal of
an clectron from an occupied state to a previously
unoccupied state requires very little energy, and as a
result, the normal variation of energy from atom to
atom and from electron to electron, as a consequence
of thermal probability distributions, is sufficient to pro-
vide for the required transfer energy. Ample quantities
of conduction electrons are therefore available in any
material in which the Fermi potential falls within one
of the bands of permitted energy levels (Fig. 1-2).

As the temperature of any material is increased from
room temperature, the distribution of probability of
occupancy changes as indicated in Fig. 1-3, and the
conductivity of conductors changes as a consequence.
A relatively reduced slope of the probability contour
across the conduction band results, and the lattice vi-
brations of the molecules increase, increasing the effec-
tive area of the lattice atoms and decreasing the mean-
free-path of the electrons and also their relaxation time.
This effect reduces the conductivity of a conductor but
may increase the conductivity of semiconductors.

The interference of the lattice with the passage of
electron waves through a conductor depends to a large
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extent on the irregularity of the structure, because it
has been shown that under ideal conditions an electron
can traverse approximately a hundred atomic distances
between collisions. Consequently, in a work-hardened
crystalline material such as copper wire, the irregulari-
ties resulting from movement of crystal groups with
respect to one another decreases the mean-free-path,
thereby decreasing the conductivity, which is given by
the equation*

(1-1)

g = ne’rp/m = Neye?rp/m

where 7, is the relaxation time of electrons having en-
ergy corresponding to the Fermi potential,  is the

T >T,>0
’/—T=O

E Er

Fig. 1-3. Effect of Temperature on Energy

*Eqs. 1-1 through 1-4 are from Ref. 4. (See Equations 9-6, 11-8,
and 11-32 and Problem 9-3).

conductivity, 7 (or n.) is the effective number of elec-
trons per unit volume, e is the electronic charge, and
m is the mass of the electron. The relaxation time is
related to the mean-free-path A and the Fermi drift
velocity v in accordance with the equation

(1-2)

TFUF = }\F

The magnitude of the mean-free-path is inversely pro-
portional to the absolute temperature in degrees Kel-
vin, with the result that the conductivity is approxi-
mately inversely proportional to the absolute
temperature.

1-2 PROPERTIES OF INSULATORS
With nonconductors, or insulators, however, the
situation is quite different. Insulators are materials in
which there are no available conduction electrons, be-
cause the Fermi potential falls in an energy band in
which there are no occupiable electron states. In fact,
the insulator has a large energy gap between the energy
states possessing clectrons and the lowest available
unoccupied states. An electron could easily surmount
the cliff possessed by the insulator if an energy-state
stairway were available. The conductor in effect has
such a built-in stairway for conduction electrons be-

1-3
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tween the occupied states and the unoccupied states,
and the insulator has not. As a result, in an insulator
the electrons are trapped in a manner that makes it very
difficult for them to break away from their individual
atoms and carry an electric current.

The Fermi distribution function F7E) (Refs. 3, 4),
which gives the probability of any existing energy state
being filled, may be stated mathematically in terms of
the equation

F(E) = 1/[1 + exp {q(E — Ep)/ ®RT))] (1-3)

where E is the electron energy in electron volts, £, is
the Fermi potential, kis Boltzmann’s constant, 7'is the
absolute temperature, and ¢ is the electron charge. For
very small values of 7, the exponent is either very large
in magnitude and positive, or large and negative. As a
result, the value of #7E) is either unity or zero. As the
value of 7T'becomes larger, a gradually longer transition
range develops about the value E 2 £, with the result
that the transition becomes more gradual, as is shown
in Fig. 1- 1. For practical purposes, the number of elec-
trons available for use in conduction is a function of the
derivative of the Fermi distribution function in the
neighborhood of the Fermi potential, because when the
derivative is zero, either at low energy where the value
of the function is unity or at high energy where it is
zero, there is no possibility of making use of available
energy levels. The levels are either all full or there are
no electrons available.

If, therefore, a material is available in which the
Fermi level occurs in the middle of a range of energy
for which no permitted levels exist, and the Fermi
derivative function is zero at the edges of the forbidden
band, then no conductivity can develop, and the
material is an insulator. The edges of the range of en-
ergy levels for conduction electrons may be determined
from the derivative function

dF/dE = (1/(kT))/lexp {q(E — Ep)/
(RT)) +2 + exp {g(Ep — E)/(RT))]

Evidently, unless the value of Eis nearly equal to that
of £, or Tis very large, the value of the denominator
is very, very large, and the derivative is very nearly
zero. In fact, if E — E; is as much as five’or six
kT's, then the value of the derivative is small to the
point of being negligible. Materials that are normally
classed as insulators have a forbidden band between
fifty and five hundred k7T ’s wide, with the result that
if the Fermi level is properly spaced within the band,

14

(1-4)

infinitesimal numbers of electrons are available for con-
duction purposes at ordinary room temperature. As the
temperature is increased, however, the value of AT
becomes larger, and the value of the distribution func-
tion slopes off more and more gradually because of the
increased value. A point is finally reached at which
electrons do become available as a result of thermal
action, and conduction commences. With glass, for ex-
ample, the temperature at which conductivity becomes
significant is in the neighborhood of S00°F. The cliff is
gencrated by the forbidden band in the insulator, and
the ladder is provided by the sloping of the distribution
function. Only when the slope is sufficiently gradual to
reach across the forbidden band does the insulator be-
gin to conduct, because only then are electrons of suffi-
cient energy available to step across the cliff.

1-3 PROPERTIES OF
SEMICONDUCTORS

The semiconductor is neither a conductor nor an
insulator, but it sometimes behaves like one, and some-
times like the other. At ordinary temperatures, semi-
conductors have a small but finite conductivity; the
value may range from that of a very poor conductor,
typically o = 100 mho square centimeters per centi-
meter, to a value as small as0.001 to 0.0001 mho square
centimeters per centimeter, or a rather good insulator.
The conductivities of first quality insulators normally
are measured in micromhos or small fractions of a
micromho. The range of conductivity of a semiconduc-
tor is a consequence of the narrow width of the forbid-
den band within which lies the Fermi potential for the
material. Thermal ionization and crystal dislocations
can then provide an adequate number of charged carri-
ers to give the conductivity.

The number of conducting charges available in a
pure semiconductor depends in large degree on the
accuracy and uniformity of the crystallization of the
semiconductor material. Every defect in the structure
is a focal point for the generation of current carriers.
Consequently, to be satisfactory, semiconductors used
in many electronic applications are required to have an
extraordinarily high order of regularity and perfection.
Otherwise, a high inherent conductivity exists in the
material, and it is difficult to obtain proper control of
the properties of a device constructed from the
material.

Certain materials when introduced into the crystal
structure alter the behavior of the crystal in a manner
which makes available additional carriers, and thereby
increases the electrical conductivity. These materials,
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or impurities, may either make additional carriers
available thermally, or they may cause the release of
one type of carrier alone. If, for example, a few stray
atoms of tin, which crystallizes in the same form as
most normal semiconductors like germanium and sili-
con, are introduced into the crystal, and the atoms
introduced have a narrow forbidden band, then the
impurity can cause rapid generation of thermal carri-
ers. Other materials that have a different number of
valence electrons from the matrix crystal provide
polarized carriers when introduced into the lattice.

1-4 TYPES OF SEMICONDUCTORS

Of the wide variety of semiconductors available to
the device designer, the materials of greatest overall
importance are silicon and germanium. Historically,
the first semiconductor used in electrons was galena, or
lead sulfide; it was used as a rectifier in many early
crystal radio sets. Somewhat later, the cuprous oxide
rectifier was developed, making it the first extensively
used intermetallic semiconductor. At a somewhat later
date the selenium rectifier was developed to overcome
the deficiencies of the cuprous oxide units. The next
few paragraphs discuss briefly some of the semiconduc-
tor materials that are finding application in diodes and
transistors, and also some of the materials that show
potential for being useful when technological problems
of utilizing them have been solved.

1-4.1 GERMANIUM

Germanium is a semiconductor of valence four, or
one that is inherently neutral in polarity when crystal-
lized in a tetrahedral bond arrangement. The normal
crystallizing pattern for this material is the face-cen-
tered cube. Germanium has the narrowest width of
forbidden band that can be used effectively in diodes
and transistors, namely, approximately 0.7 V.

The rating of the width of the forbidden band in
terms of volts (or electron volts) measures the energy
difference across the gap or band. Potential times elec-
tron charge gives electron energy. For this reason, and
because it is common practice in the field of electronics,
the energy differences are given in electron volts, or
volts for short.

The narrow energy gap of germanium limits the
maximum temperature to which it may be used effec-
tively as a semiconductor. As will be shown in par. 1-5,
it is necessary that semiconductor materials for use in
diodes and transistors be altered or doped with impuri-
ties that give them the ability to conduct by means of

Log n {arbitrary units)

Fig. 14. Variation of Number of Charged Particles
With Temperature

either positive or negative charges. This being the case,
it is important that the conductivity due to thermal
effectsbe kept small compared to the conductivity due
to the doping materials over the range of operating
temperatures. The number of conducting particles in a
neutral semiconductor (single crystal) is given by the
equation (12-19 from Ref. 4)

ne = np = 2@2nkT/h%) 2 mIm})3/4

X exp {(~qE,/(2kT))

(1-5)

where n,and #, are the numbers of electrons and holes,
respectively, k is Boltzmann’s constant, Tis the abso-
lute temperature in degrees Kelvin, 4 is Planck’s con-
stant, m? and m] are the equivalent masses of the
electrons and holes, near the edges of the conduction
and the valence bands, respectively, and £, is the
gapwidth energy. This equation shows that the number
of charged particles available is a function of the
three-halves power of the temperature times an inverse
temperature exponential. The value of this product
increases rapidly with temperature, as is shown in Fig.
14.

1-4.2  SILICON

Silicon is used extensively in both standard and
switching diodes and in transistors, and it has replaced
germanium almost completely in the power rectifier
field. Silicon has some important advantages compared
to germanium, and also some important disadvantages.
The first and possibly the most important advantage is

1-§
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that it has a gap energy of approximately 1.2 V, or
almost twice that for germanium. The second advan-
tage is shown by the number of thermally-generated
carriers in the two materials at room temperature
(300°K)*

1.5 % 10%/ce
2.4 X 10%/cc

For silicon: N;
(1-6)

For germanium : N

The simplified equations for the values of n? as a func-

tion of temperature for the two materials are (Refs. 5,
6)

Germanium: 7z} = 3.1 X 10273 exp (—9100/T)
(1-7
Silicon: ni = 1.5 X 1087 exp (—14,000/T)

The ratio of these two equations gives a measure of the
relative change rate with temperature

ns/nlc = 5 exp (—4900/T) (1-8)

Since exp (7) is approximately equal to 10* (actually
069 = 10%), the value of the ratio of nig/n}; at T =
300°K is approximately 5 X 1077, Similarly, at 400°K,
the ratio has a value of 2.5 X 10°%, showing that the
thermal carrier concentration rises about 22 times faster
in silicon than it does in germanium, but the number of
charges still is a factor of 500 smaller than that in
germanium at 400°K. The derivative expression also
shows that the rate of increase of nlg is greater than that
of nf;.

*Large energy gaps are useful in semiconductor materials prin-
cipally for the reasons that a large energy gap in a material gives
it an extremely small level of thermal conduction, and that a
material with a large energy gapis one which can be used in a high
temperature environment. A very low value of thermal base con-
ductance in conjunction with good doping conditions in the emit-
ter and the collector makes possible a relatively higher value of
current gain, and a lower input admittance. Normally, a diffused
base region, with epitaxial construction, is required to make op-
timum use of the low base conductivity available, and to give
optimum high-frequency performance. Even though the rate of
increase of conductivity with temperature may be larger with a
wide-gap material than with a narrow-gap one, the larger value of
the gap width may more than offset the rate of rise of conductivity.
This is the condition in silicon as compared to germanium.
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Another advantage of silicon compared to ger-
manium is the higher value of avalanche voltage or
breakdown voltage that applies with silicon devices.
This higher breakdown voltage is to a considerable
extent a result of the relatively high inherent resistivity
available in silicon. Whereas germanium diodes are
limited to applied voltages less than 150 to 200 V,
silicon junctions have been used successfully to over
1,000 V.

Semiconductor silicon has three limitations that
have delayed its application in electronics. The first of
these is the difficulty encountered in growing perfect
single crystals. The technological problems of produc-
ing the required grades of silicon have been solved,
however, and large numbers of silicon diodes and tran-
sistors are being produced. Other technological prob-
lems with respect to making devices are the control of
the formation of junctions, and controlling surface
phenomena (passivation), to minimize leakage current.
Probably the most important limitation of silicon, im-
portant because it is an inherent characteristic, is the
relatively low value of the diffusion constants for
charge carriers compared to germanium. These con-
stants are less than a third of the corresponding values
for germanium, with the result that the frequency limit
for a silicon transistor of a given structural design is at
most a third of the corresponding high-frequency limit
for a corresponding germanium unit.

1-4.3 DIAMOND

Diamonds have not found any use for either diodes
or for transistors because of fabrication and doping
problems. It appears reasonable to suppose that the
best grade of commercial diamonds available may be
sufficiently free of defects to be usable as the raw
material for semiconductor devices, and the gap energy
certainly is sufficiently wide that the range of operating
temperature for a device made from it would be excel-
lent. Because of its hardness and the difficulty in diffus-
ing it with the proper combination of impurities, how-
ever, it may find its first application as a crystallizing
base for a more routine semiconductor material.

The mobilities of the carriers in a diamond are some-
what higher than those for silicon, but not as high as
those for germanium. It is, therefore, one of the best
potential materials for use in high temperature devices,
devices required to operate to several hundred degrees
centigrade. Until single-crystal diamonds can be ob-
tained economically and can be diffused with the neces-
sary conduction zones, the diamond probably will have
only textbook interest as a semiconductor material.
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1-4.4  ALPHA-TIN

The alpha form of tin—at least in theory —is usable
as a semiconductor, although its use is limited by its
very narrow energy gap to temperatures considerably
below normal room temperature. A superficial exami-
nation of its properties indicate that it might have some
applicability as a material for use in diodes and transis-
tors. How it might behave in its super-conducting re-
gion is of considerable interest. For example, transis-
tors or diodes made from alpha-tin would require
cooling at least to the temperature of dry ice, but they
might make sufficient additional power economy avail-
able to be worth the development. A germanium-tin
mixture might be useful, because less cooling might
then be required. Mobilities appear to be nearly the
same as those of germanium.

1-4.5 INTERMETALLICS

Certain compounds that have the electron-doublet
type of bonding exhibited by carbon compoundsand by
crystalline semiconductors can be formed from ele-
ments in other than the fourth group of the periodic
table. These compounds can be crystallized in the regu-
lar face-centered cubic lattice, and they can show the
properties possessed by germanium and silicon when
they are crystallized in the single-crystal form. Table
1- 1, adapted from Jenny (Ref. 7), indicates the proper-
ties possessed by some of the possible combinations
having promise as basic materials for semiconductor
devices. It alsoincludes a listing of the gap energy and
mobilities.

Most of the intermetallic compounds having poten-
tial application belong to the group that may be called
the IITA-VA group, made up of the elements N, P, As,
Sb, Bi, of group VA and the elements B, Al, Ga, In, and

TABLE 1-1
SEMICONDUCTOR PROPERTIES

E, (electron

Semiconductor volts) U. Us
a-Sn 0.08 3,000 ?
Ge 0.7 3,900 1,900
Si 1.1 1,500 500
SiC 2.8 >100 >20
C (diamond) 6.0-7.0 1,800 1,200
InSb 0.18 65,000 1,000
InAs 0.33 20,000 200
GaSb 0.68 4,000 700
InP 1.25 >4,000 >100
GaAs 1.35 >5,000 >400
AlSb 1.52 2 400 2 400
GaP 2.25 >100 >20

Tl of group IITA. There is at least one additional group
of combinations that may be found to have possibilities
once problems of chemical formation, purification, and
crystallization can be solved; these combinations be-
long to what may be called the I[1IB-V A group, consist-
ing of the elements Sc, Y, La, and the rare earths in
addition to the elements of group V.

Mixtures of intermetallic compounds can be formed
just as mixtures of the various table IVA semiconduc-
tors may be formed. In these materials, the band gap
energy is intermediate between that for either com-
pound alone. The use of a uniform distribution of the
mixtures throughout the bar of semiconductordoes not
provide optimum operating conditions, however, as the
use of a higher concentration of the intermetallic hav-
ing the higher gap energy in the emitter zone has been
shown to increase markedly the injection efficiency of
an emitter structure, making a larger number of emitter
carriers available for diffusion to the collector.

There are other compounds that could be used as
basic semiconductor material, but these materials are
so complicated in structure that the probability of get-
ting a good single crystal from which to make semicon-
ductor devices is relatively small. A more complete
table of possible intermetallic compounds is listed in
Table 1-2. This table is divided into two sections, the
first part including the materials on which the most
work has been done, and the second those materials
with small probability of being useful.

The doping of the intermetallic semiconductor with
impurities to provide polarized semiconductormaterial
is discussed separately in the paragraph on types of
semiconductor, inasmuch as some special problems oc-
cur in accomplishing the polarization.

The so-called dry-disk rectifiers, using typically cop-
per oxide or selenium make use of combinations of
clements that behave as intermetallic compounds. The
copper oxide rectifier, for example, uses cuprous oxide
as the active material. The behavior of these devices is
so irregular that they will not be discussed further here.

1-5 INTRINSIC AND DOPED

SEMICONDUCTORS

A refined semiconductor material may be classified
either as an intrinsic material or one that has been
altered by the deliberate addition of impurities that
alter its electrical properties. The latter type of material
is referred to as a “doped” semiconductor. Most of the
semiconductor material used in diodes and in transis-
tors is of the doped variety; because, however, any
doped or polarized semiconductor must be prepared

1-7
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from a single-crystal specimen of highly purified intrin-
sic crystal, intrinsic material must be discussed first.

1-6.1 INTRINSIC SEMICONDUCTOR

An intrinsic semiconductor is one containing the
smallest possible amount of impurities after refining.
Experiment has shown that any irregularities in the
crystal structure or any impurities crystallized into it
reduce the resistivity of the material by the process of
introducing ionization centers. Because the total num-
ber of ions that move about in a semiconductoris lim-
ited by chemical physics to a quantity called the intrin-
sic number, or n, (or p;, to which it is equal), the
presence of a large number of ionization centers makes
necessary rapid recombination and, as a result, the
period of existence of each ionized element is small.
The lifetime of each charge must be large compared to
the particle diffusion time across the base for transistor
action to occur. The ions available in an intrinsic semi-
conductor that is not under optical or electrical stimu-
lation always occur in matched pairs, one negative, or
electron, and one positive, called a hole or vacancy in
solid-state physics.

The manner in which the relatively high conduc-
tivity of an impure semiconductoris produged is rather
curious, because in general the material must be electri-
cally neutral in the absence of electrical fields. If the
impurities are limited to compensating impurities and
the crystallization takes place in such a way that the
impurities can pair off and form a group of intermetal-
lic compounds in the lattice, then the conductivity of
the overall crystal will not be altered by the presence
of the impurities. Unfortunately, however, it is difficult
if not impossible to bring the stray atoms into such
positions that they can form intermetallic compounds
in the lattice, with the result that microscopic volumes
of the crystal are polarized with one polarity, and adja-
cent volumes are neutral or of the opposite polarity. As
a consequence, in cach of these volumes, an excessive
number of carriers compared to intrinsic material is
available. The large number of conducting charges

available causes the conductivity of the material to be
relatively high.

A crystal can be extremely pure and have a relatively
high conductivity if there are many defects and disloca-
tions in the crystallization, as each and every location
at which such a defect causes a grain boundary acts to
accelerate the generation of carriers. For this reason,
the number of carriers of one type is in excess on one
side of the boundary, and the number of the other is in
excess on the other side. The large number of carriers
again markedly increases the conductivity of the
material. Because the variations in the conductivity of
different regions of the semiconductormaterial used in
transistors have a strong influence on the behavior of
the resulting devices, the crystals used for semiconduc-
tor devices must have the highest possible purity, and
must be crystallized with as high a degree of regularity
as is possible. After crystals of the proper perfection
have been produced, they may be altered by the intro-
duction of the proper dilutants to give the required
polar characteristics.

1-6.2 POLAR SEMICONDUCTORS

Semiconductorsmay be made polar, or they can be
made to favor one type of carrier in preference to the
other, by introduction of very small amounts of a
material possessing a different number of valence elec-
trons. The most logical impurities to choose for semi-
conductors like germanium and silicon are materials
having valences either three or five, materials falling in
the groups I1IA or I1IB, or VA or VB in the periodic
table. The materials in group III have three valence
electrons, yielding a doped semiconductorof the accep-
tor, or positive type, when introduced into a semicon-
ductor material. Similarly, the introduction of materi-
als from group V makes an extra electron available,
producing a donor or negative type semiconductor.

Because the simplest intermetallic semiconductors
are made from crystalline compounds of materials in
the third and fifth groups of the periodic table, they
cannot be doped readily with other materials from the
same group. As a consequence, they use materials from

TABLE 1-2
INTERMETALLIC SEMICONDUCTORS

Those ofhigh probable usefulness (see Table 1-1for properties):

InSb  GaAs  BiC GaSb InP  AISb  GsP
Other materials :
AlP AlAs InP InAs AgTITe, CulnSe,
CuAlS;, Cyanthron Indanthracene ~ Anthracene
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either periodic groups II or VI as doping ingredients,
giving either acceptor or donor structures as with ordi-
nary Semiconductors. The resulting polarized semicon-
ductors behave in a similar manner to either doped
germanium or silicon.

1.5.3 NEGATIVE, OR N-TYPE

SEMICONDUCTORS

If a group V material is introduced into a semicon-
ductor crystal lattice in low concentration, possibly one
atom in 10® to 10°, then very little overall damage is
done to the uniformity of the crystallization of the
single-ctystal semiconductor. Normally, the N-type
semiconductor that results has sufficient donor im-
purity added to increase the available number of nega-
tive carriers by from one to many orders of magnitude
with respect to the concentration in intrinsic material.
For germanium, this means that greater than 10" im-
purity atoms are required in each cubic centimeter
(4.45 X 10* atoms), and for silicon, greater than
10°! impurity atoms per cubic centimeter (5.03 X 1022
atoms). The minimum impurity ratio for germanium
then is 1:1.85 X 10% and for silicon, 1:3.35 X 10'%.
The maximum number of polar impurities a crystal-
lized semiconductor can absorb without disturbing the
crystallization depends on the doping impurity used
and its method of application, and also somewhat on
the polarity and the semiconductor itself. High concen-
trations of impurity atoms are required in the emitters
and the high density edge of the graded bases in high-
frequency transistors and particularly in tunnel, or
“Esaki”, diodes.

The’presence of electrons from the donor atoms in
the semiconductor causes a reduction of the number of
holes or positive charges present in the lattice, since the
increased number of electrons causes the recombina-
tion of holes to occur much more rapidly than can
occur in intrinsic material. The number of holes present
in an N-type semiconductor can be determined from
the equation

2
NaPny = N

(1-9)

where the subscript n refers to N-type material, n and
pindicate electrons and holes, respectively, and »;is the
number of carriers in intrinsic material.

1-5.4 POSITIVE, OR P-TYPE

SEMICONDUCTORS

In a similar manner, a positively polarized type of
semiconductor, one in which the current carriers are
holes (the absence of electrons), is formed by the intro-
duction of very small amounts of materials from groups
IITA or IIIB of the periodic table. The methods of
introduction of these materials into the semiconductor
are the same as with donor impurities; experience has
shown, however, that, in a reproducible manufacturing
process, larger concentrations of some doping materials
can be added to a specific intrinsic semiconductor than
can others. This is the reason that more NPN silicon
transistors have been available than PNP, whereas for
several years more PNP transistors were made from
germanium than were NPN units.

As a consequence of the ion-product law, the pres-
ence of increased numbers of ptype, or hole, carriers
in a semiconductor material causes a considerable re-
duction of the number of electrons available for con-
duction purposes. Consequently,the conduction of cur-
rent in acceptor-type materials depends on the
hole-carriers. As the total number of one type of carrier
is increased in a polar material with respect to intrinsic
material, the conductivity is increased proportionately.
The ion-product law for pty pe materials takes the form

NePp = Mi (1-10)

The majority carriers here are the Py, OF hole, carriers,
and the minority carriers are the #,, or electrons.

1-5.5 OHMIC CONTACTS

One of the problems in the utilization of doped semi-
conductor materials is the making of ohmic, or low
resistance, contacts on the material. Making such con-
tacts is an art all by itself, because the soldersused have
to include the right materials to wet the surface, and
must also have expansion coefficientsthat are compati-
ble with the material on which they are placed. Often
a doping agent is placed in the solder to improve the
characteristics of the contact, and sometimes, as in
surface-barrier transistors, the entire junction may be
plated on the semiconductor. The flux used in soldering
is often important in assuring adequate wetting of the
surface and in distributing the contact area sufficiently
in width to keep the contact resistance to a small value.

1-9
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1-6 SEMICONDUCTOR DIODES

Diodes are two-terminal devices that pass current
with comparatively little difficulty in one direction, but
pass only very small amounts of current in the reverse
direction. Ideally, a diode should have high conduc-
tance, greater than 0.01 mho for any voltage across it
in the conduction direction, and should have only a
very small conductance, less than ten micromhos, in
the reverse direction. In practice, no diodes meet these
ideal conditions, vacuum diodes having high conduc-
tance when the anode is more positive with respect to
the cathode than approximately minus 0.3 V. For more
negative voltages, the conductance is virtually zero.
Semiconductor diodes have very small values of con-
ductance for collector-to-cathodepotential, less than a
few tenths of a volt, and have high conductance for
more positive values of potential. The voltage at which
transition occurs in a diode depends on both the semi-
conductor material itself, and also on the doping condi-
tions in the two sections of the diode.

A semiconductor diode is made from a piece of
. doped semiconductor, the doping consisting either of
only one type or of two zones, one being doped P-type
and the other N-type. In some applications, the doping
in one of the zones has been diffused into the semicon-
ductor, and then the device is said to have a graded
junction rather than an abrupt junction. One or more
leads is now soldered to the segment of semiconductor,
one for a point-contact diode, and two for a junction
diode. These soldered leads must make ohmic contacts
on the surface.

If the piece of semiconductor used for making the
diode is not a single crystal and free of defects, large
numbers of carriers will be available, and ready con-
duction in either direction can result. The result in the
diode is a poor forward-to-backward ratio, and in a
transistor, very low current gain.

When the diode is polarized in the conduction direc-
tion, the majority carriers in the P- and N-type regions
are swept toward the junction by the applied field, and
they recombine with the majority carriers from the
opposite side of the junction, thereby causing current
to flow. When a reverse potential is applied, however,
the field tends to accelerate only the minority carriers
toward the junction, and draws the majority carriers
away from it. Diode current flow continues until the
majority carriers in the neighborhood of the junction
have all combined with minority carriers, at which time
the current decays to an extremely small value. Then
minority carriers occupy positions in the neighborhood
of the boundary to establish electrical equilibrium in
the diode.
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Historically, the earliest semiconductor diodes used
were a form of point-contact diode, the galena crystal
detector. Most of the diodes used as detectors still are
point-contact diodes, because junction diodes’tend to
have an excessively large shunt capacitance. Junction
diodes find a wider application in the field of power
rectification, because shunt capacitance is relatively
unimportant, whereas current capacity is very impor-
tant.

1-6.1 POINT-CONTACT DIODES

Point-contact diodes are really a special form of
junction diode in that the junction layer is introduced
into the semiconductorthrough chemical action on the
point resulting from current pulsing or other process-
ing techniques. These diodes are made by soldering a
small semiconductor wafer to a terminal to give an
ohmic contact on one side, and bringing the catwhisker
contact, a specially pointed wire, against it. The wire
may contain a trace of indium or gallium or other
material if a high conductance diode is required. After
contact is made, the diode is pulsed with pulses of
current from a capacitor to weld the point to the semi-
conductor and to transfer enough material from the
point to establish a junction region in the wafer.

The point-contact diode has a very small internal
capacitanceacross the junction because of the fine wire
used in the contact point, but it does include a small
amount of series inductance instead. Because the inter-
nal series resistance in such a device is comparatively
small, the device can be useful to frequencies as high as
several hundred megahertz. Point-contact silicon di-
odes have been used in radar equipment to frequencies
as high as 30,000 MHz, and possibly higher. Their
principal application has been as a nonlinear device for
frequency conversion or mixing.

1-6.2 JUNCTION DIODES

Junction diodes have the rectifyingjunction formed
internally within the piece of semiconductor material
from which they are made. Thejunction may be formed
by growing it in the semiconductoras it is crystallized
from a molten bath, or it may be formed either by an
alloyingor diffusingor other process. The properties of
the various kinds of structures depend primarily on
such things as doping levels, presence and numbers of
traps, layer thicknesses, variations in doping levels,
particularly near the junction, and related factors, in-
cluding the kinds of materials.

The properties of junction diodes can be varied to a
wide degree by control of doping levels and trap levels.
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Typically, in specialized diodes, only one of the two
regions is likely to be heavily doped and have a high
conductivity as a result. This condition helps to assure
a high back resistance in the device. The region of the
low doping level should be sufficiently thin that it does
not introduce high body resistance, yet at the same time
it should be sufficiently thick that the voltage break-
down level meets requirements. .

The presence of traps very close to the junction
boundary can cause major changes in the overall
properties of the diode. The trap density should be
sufficiently small that normal conduction characteristics
are not altered significantly, but should be large enough
to enhance the recombination rate on reversal of the
applied field.

The total number of carriers which must be removed
by recombination on field reversal is a function of dop-
ing levels on both sides of the junction, and also on the
thicknesses of the respective layers. High-speed switch-
ing diodes of necessity must be ones in which both the
total number of recombinations is kept to a minimum
and the total time required for recombination is also
minimum. Further, only the minority carriers are of
concern. An important factor in accomplishing the
goal of removal of excess minority carriers is the provi-
sion of traps in the neighborhood of the junction for
removal of the minority carriers in the thin low-con-
ductivity region of the diode.

It should be noted that a variety of special-purpose
diodes—such as hot-carrier diodes, Esaki or tunnel di-
odes—are used for special functions in electronic cir-
cuits. Their properties are such that they perform a
number of functions not readily accomplished by other
more conventional techniques. Design of circuits for
use with them is too specialized for separate considera-
tion herein.

1-6.3 CONTROL RECTIFIERS

A series of devices which are called diodes or rectifi-
ers but which are really multilayer switches (or groups
of multilayer switches with associated blocking diodes)
are in extensive use today. They have properties that
closely parallel those of thyratrons and ignitrons, and
in fact have largely replaced these electron tubes for a
wide variety of applications. Essentially, they function
through the action of a grid or gate electrode that
blocks conduction until a previously chosen set of con-
ditions exist, at which time the device is switched to a
high-conductivity state. It remains in this state until
reversal of the applied voltage occurs.

These control rectifiers can be built to be unilateral,
in that they control in only one direction; or bilateral,

in that they can control in either direction. (The latter
may be called “symmetric” control rectifiers.) Typi-
cally, when ordinary control rectifiers are used on AC,
they are used with a series blocking diode or rectifier
to prevent conduction in the reverse direction (and to
assure turnoff), as otherwise self-destructioncan result.
When they are used on DC, an inductor normally is
included in the power circuit to provide the required
polarity reversal.

1-7 TRANSISTORS

A transistor is an amplifying device capable of con-
trolling the flow of power in an auxiliary circuit. It is
made of doped semiconductor, and normally has a
minimum of three leads, at least one of which is at-
tached to the semiconductor through an ohmic contact.
The only kinds of transistors which will be considered
and discussed in any detail in this book have a multi-
plicity, three or more, ohmic contacts. The design pro-
cedures that are described apply to bipolar and to field-
effect transistors with minor modifications, and they
also can be adapted to use with high-vacuum electron
tubes with somewhat more extensive modifications.
The procedures for handling the required changes are
discussed in Chapter 3, where the physical nature and
properties of the various active devices under consider-
ation are discussed in relation to the circuit design
procedures involved.

171  THE BIPOLAR TRANSISTOR

Standard bipolar transistors which are made from
layers of doped semiconductor material, silicon, ger-
manium, gallium arsenide, etc., generally take the form
of a sandwich structure consisting of an emitter layer
and a collector layer of relatively high-conductivity
polar material separated by a very thin layer of lower-
conductivity material of opposite polarity to that of the
emitter and collector zones. It is important to use the
highest possible conductivity material in the emitter
layer and, except in contact with the base region, a
reasonably high-conductivity material in the collector.
A wvery thin layer of relatively low-conductivity
material adjacent to the base can help to assure a high-
breakdown voltage between collector and ecither the
base or the emitter, and it will help to increase device
reliability where the ability to withstand high voltages
may be important. Use of high-conductivity material
otherwise helps to minimize both emitter- and collec-
tor-spreading resistances, and thereby minimizes para-
sitic impedance problems.
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The high-conductivity emitter region is generated by
the introduction of high levels of doping, and it makes
possible high injection capabilities from the emitter to
the base region. The low conductivity of the base region
and its very small thickness assure that a minimum of
recombination will occur during transport of injected
carriers across the base into the emitter from the base.
(This function can also be achieved with heterojunction
devices without significant differences in doping level
if the activation voltage for injection into the emitter is
substantially greater than that for injection into the
base.) The spreading resistance in the base region may
be minimized by maximizing the perimeter of the base
contact adjacent to the emitter contact, and keeping the
path length from the base contact to the active zone
under the emitter as short as possible as well.

The value of the collector spreading resistance en-
countered with a bipolar transistor is somewhat less
critical than the values of the base- and emitter-spread-
ing resistances, but it can increase the overall amplifica-
tion of an amplifier and reduce the effective stability of
the stage. The overall voltage gain from the active base-
to-emitter junction to the active collector-to-base junc-
tion is the critical factor affecting phase stability of
amplifiers, and it must be held to closely controlled
values depending on the design and application.

The various techniques for making bipolar transis-
tors—grown junction, alloy, multiple diffusion,
epitaxy, and combinations of them—Iead to devices
having different values for the important parasitic
parameters. Generally, the planar-epitaxial manufac-
turing techniques lead to the best all-around character-
istics for typical bipolar devices. Graded doping may be
introduced in any of the layers, and long-perimeter
active regions can be developed using these techniques.
The very critical control required to achieve reproduci-
ble results has been achieved, and yields as a result are
excellent.

1-7.2 FIELD-EFFECT TRANSISTORS

Two basic classes of field-effect transistors are pres-
ently available —the junction device, or J-FET, and the
insulated gate device, variously known as IGFET de-
vices and MISFET devices (the Metal-Insulator-Semi-
conductor devices are often mislabeled MOSFET de-
vices for Metal-Oxide-Semiconductor, but other
elements such as nitrogen may be used for formation of
the insulating material). These devices are essentially
charge-control devices like bipolar transistors and elec-
tron tubes, but they have some unique properties which
are developed in the discussion in Chapter 3 and Ap-
pendix L.
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Field-effect transistors generally have two modes of
operation, the first being the conventional Shockley
mode, and the second being an exponential mode vari-
ously called ecither the Fermi mode or the diffusion
mode. This latter mode of operation is really the limit-
ing mode in that it bounds the maximum value of
transconductance per unit current which can be
developed at 39,000 pmhos per mA, the same limit as
applies under low-injection conditions with the bipolar
transistor.

Thejunction FET device has been shown to develop
the stated 39,000 pmhos per mA over as much as four
to five or more orders of magnitude of current. This
effect is noted at small values of drain current through
the device, but the use of appropriate channel doping
procedures, at least theoretically, can increase the
range of current over which the effect can be achieved.

Study of the properties of insulated-gate devices
shows that a similar effect is observed, but for reasons
not yet fully understood, the limit appears to approach
A/2, or 19,500 pmhos per mA. (This probably is a
consequence of the dissymmetry of the channel)
Again, the effect is noted at small values of channel
current. At extremely small values of current, ap-
proaching leakage current, the measured value of A
decreases as a result of bulk and surface leakage. The
control efficiency is defined later in this volume in
terms of an efficiency parameter called kappa («).

The insulated-gate device is more subject to failure
as a result of electrical breakdown than are either the
bipolar or the diode field-effect transistors. As a conse-
quence, selection of devices is significantly affected by
the transient voltage fields which may be encountered.
Failures with bipolar and junction FET devices are
more likely to be thermal in nature, and generally can
be prevented through appropriate design for load-shed-
ding.

1-7.3  OTHER ACTIVE DEVICES

For reasons that will be evident in Chapter 3, other
kinds of electron devices are still important in military
electronics. In particular, it can be anticipated that
electron-tube devices will continue to be required in
special applications to a sufficient extent that brief
notes on their application in military systems are in-
cluded briefly in this revision of the handbook. These
notes show primarily how the described techniques for
use with transistors can be simply adapted to use with
tube circuits.

The triode electron tube has characteristics which
parallel those of field-effect transistors. The principal
difference to be noted is the fact that the output admit-
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tance for the triode tube is as much as several orders
of magnitude higher than that of the FET device. Also
the tube under normal use conditions does not encoun-
ter a saturation diode line, since it is seldom biased to
operate near this contour. The contour readily may be
observed by operating the tube as a diode with its grid
and plate connected together. Input conductance is
near zero for these devices except under bias conditions
for which the grid is positive with respect to the contact
potential contour (roughly the zero-bias contour).
These tubes normally display values of the
K-parameter ranging from near unity at extremely
small currents to as small as 0.0001 at large values of
current. With tubes having exceptionally low leakage,
the value of x may approach unity for several orders of
magnitude of plate current.

Tetrode and pentode electron tubes behave like tri-
odes under variation of screen voltage and like field-
effect transistors under variation of plate voltage. In
short, plate conductance for these devices is very small,
whereas the screen-to-plate transconductance is typi-
cally between 001 and 0.3 times that between control
grid and plate. Input conductance is near zero except
under positive-bias conditions.

The capability that the designer has to change char-
acteristics of the tetrode or pentode tube through varia-
tion of the screen voltage makes these devices essen-
tially variable-power devices having very low output
admittances. They are essentially current source de-
vices. To use them properly, one should select the low-
est screen voltage which will give a modest margin of
safety in producing the desired output power. Detail
discussions of use of all kinds of electron tubes under
conditions maximizing reliability are included in other
books published by the writer (Refs. 1, 8). The
discussion in these books includes a broad spectrum of
kinds of circuit applications and also a broad spectrum
of'kinds and types of tubes.

1-8 NONLINEARITY
CONSIDERATIONS IN ACTIVE
DEVICES

The idea that active devices can be linecarized has
been accepted for many years in spite of the fact that
all reasonable evidence points to the contrary. The as-
sumption that linearity could be postulated can be
shown analytically to apply only over a small range
dependent on the function kA and the current level
involved.

The erroneous impression has been supported by the
fact that often degeneration can occur which is depend-
ent on a relatively constant ratio such as the amplifica-

tion factor for a tube or the B8 for a transistor. The
consequenceof the degeneration is an apparent lineari-
zation that does prove useful in approximations. Typi-
cally at least one of the parameters involved in the
linearization is suficiently undependable as a charac-
terizing parameter that the losses resulting may be
much more damaging than the gains.

The basic equations for solid-state active devices, as
stated in Eqs. 2-16 and 2-17, are clearly exponential in
character, and, as such, they present very nonlinear
relationships for voltages and currents. This situation
is taken advantage of in the logarithmic converters
developed for use with analog computing equipment.
The equations are modified from true logarithmic by
such parameters as spreading resistances, variations in
values of k’s, high-injection corrections, and other
related effects, but basically and inherently the devices
are nonetheless exponential in character, and therefore
they are very nonlinear.

All of the different kinds of active devices known to
exist at the present time appear to be solid-state in
nature, and they are best represented in terms of
transadmittance configurations. The currents in these
devices are exponential functions of the voltages applied
across the active junction regions. In theory, four
different kinds of active transductors might be available
for use as amplifier mechanisms, the four being
transadmittance devices, (transadmittors), trans-im-
pedance devices, trans-current-gain, and trans-voltage-
gain devices. At the present stage of understanding of
physical systems, only the first two appear to be of
significant importance. In theory, some kind of a
magnetic amplifier may be developed which will prove
to be a true transdmpedor. Present-day magnetic
amplifiers obtain their power control properties through
the action of appropriately placed diodes, and hence
hardly can be considered as ideal trans-impedance

"devices.

There appears to be a real problem in trying to con-
trol a current by another current in such a way that a
power gain occurs without the basic control being a
voltage control. A through vector can control an across
vector or an across vector a through vector with a
potential power gain being available, but such does not
appear to be true of the action of one through vector
on another or one across vector on another. For this
reason, no consideration is given herein to either the
trans-current or the trans-voltage gain situations. De-
vices displaying true applications of these trans-vector
configurations, of course, may be discovered eventu-
ally. If such proves to be the case, it will be necessary
to evaluate the linear and nonlinear properties of the
resulting devices to determine what modifications in

1-13
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the applicable theory are required for their effective
use.

There is good reason to believe that the principle of
duality will be useful with trans-impedance devices,
and it may be the key to the application of the tech-
niques to be described to trans-impedors.

Those properties of the active devices which are pat-
ently nonlinear should be included in the device model
aspart of the intrinsic model, and those parameters and
characteristics which are relatively independent of cur-
rents and voltages should be treated as part of the
external circuit. For example, capacitances may vary
with either applied voltage or stored charge, and hence
must be taken as part of the active model. On the other
hand, the spreading resistances—r,, 7., and7, —are
relatively independent of currents and voltages, and
hence may be treated as part of the passive imbedding
network.

The analysis of the separation of parameters and
components of a device and its network into active
components and imbedding components for the passive
network has been rather haphazard in many respects.
In addition to separation of components into groups
which are fixed in value and those whose magnitude is
a function of a current or a voltage, it is also important
that the reduction to representing elements through the
use of network theorems not be allowed to introduce
elements whose value vary in an unrealizable way with
such parameters as frequency. Reduction of the base
input impedance for a bipolar transistor in terms of
either a pure hybrid representation or in terms of a pure
admittance representation leads to physically unrealiz-
able networks whose element values are functions of
frequency. This independence may be minimized only
by use of an admittance representation for the intrinsic
device and extracting the base-spreading resistance as
a separate entity. Under these conditions, the frequency
dependence is reduced to tolerable limits for the kinds
of application normally encountered in military and
commercial equipment. The application of either
Thevenin’s or Norton’s theorems should be avoided if
at all possible except in instances where the percentage
bandwidth required of the network is very small, cer-
tainly less than 10%.

1-9 TRANSISTOR NOISE

The noise generated in transistors may be divided
among three different types, the 1/ftype,* the uniform
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type, and the ftype (Fig. 1-5). These definitions are
based on the variation of the average noise intensity
with frequency because the noise amplitude as a func-
tion of frequency decreases with increasing frequency
in the 1/fregion, because it is relatively independent of
frequency in the frequency-independent region, and be-
cause the average amplitude increases with frequency
increase in the fregion.

These three regions are separated by transition fre-
quencies that are defined as f;, and /,,, where f,; is the
corner frequency between the 1//and uniform regions,
and f,, is the corner frequency between the uniform and
the fregions. The values of these two frequencies and
the value of the noise figure in the region of uniform
noise as a function of frequency are the data on noise,
which are important to the designer in that they define
the noise characteristics of the transistor throughout its
operating range.

Strictly, as is always true of noise signals, the ampli-
tudes indicated by the relations are the averages of their
mean-square values, because noise is by nature a com-
pletely unpredictable condition on an instant-by-
instant basis. At any one instant, the spectrum of the
noise energy as a function of frequency may, and in
general will, differ widely from the nominal value in-
dicated by the rms average. Over the long term, or on
the average, however, the value of the noise power does
approximate the distributions indicated.

The noise i..« the low-frequency, or so-called 1/f re-
gion, is similar in its general characteristics to flicker
noise in vacuum tubes. This type of noise is introduced
into a transistor through imperfections resulting from
crystal flaws or surface defects in the device. The
proper treatment of the surfaces of the transistor, or
passivation, normally reduces to rather small values the
flicker type of noise. The presence of an excessive
amount of this type of noise may indicate the existence
of “tunneling” or areas of potentially unstable surface
or junction conditions. It may introduce irregularitics
into either the output conductance or the input conduc-
tance of the device. A few commonly used transistors
do have high values off,,, but in general the devices
most commonly used have values of f,, that are less
than 100 Hz.

The corner frequency f,; is of considerable impor-
tance in transistor circuit design because it also speci-
fies the maximum switching rate for a conventional
R-C multivibrator (Ref. 9). The period corresponding
to this frequency in radians is approximately equal to

*Strictly, this is an/ ™ region, where the value of n may be, but
need not be, unity. The more common values of n encountered are
0.5 and 1.0. In this region, the value of » is always positive.
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Fig. 1-5, Variation of Noise Power per Cycle With Frequency

the time required for the transport of an individual
carrier across the base region of the transistor. These
numbers are not numerically equal, but agree within a
factor of 2. The noise for frequencies above this fre-
quency increases because the nonuniformity of current
flow becomes the controlling factor in noise produc-

tion. The comparatively long drift time in diffusing
across the base region is long enough, compared to the
period of the wave, to permit phase irregularities to be
introduced as a consequence of beam transit time. This
noise is similar to drift noise in klystron tubes.
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CHAPTER 2

VARIABLES AND PARAMETER RELATIONS

2-0 INTRODUCTION

The representation of thejunction transistor in terms
of static variables like voltages, currents, small-signal
parameters, immittances, and ratios of immittances,
can take a wide variety of forms. The utility of any of
these forms of representation of a device depends on the
relative magnitudes and the stabilities of the variables
and the parameters and their relations to one another.
For this reason, it is important to evaluate the various
possible arrangements in which the properties of the
device can be expressed in terms of basic physics, and
to select the form of presentation that expresses these
characteristics in the form that minimizes the precision
required of measurement and minimizes the error en-
countered from changesin temperature and other envi-
ronmental conditions. The purpose of this chapter is to
make a brief examination of the parameter and variable
problem to select a system of representation that can be
used effectively for a wide variety of applications.

Since the representation of the characteristics of de-
vices like transistors is extremely complex (from seven
to ten small-signal parameters alone may be required),
it is essential that the data be organized in a manner to
provide the required information in the simplest and
the most direct manner. As a result, it is important at
cach stage of the development of a system of sym-
bology, variables and parameters to evaluate the com-
parative importance of the various types of data, so that
the more important factors can be displayed promi-
nently and those of reduced importance be given less
emphasis. This organization should be so arranged that
maximum ease of measurement and maximum use of
the information results and a minimum of difficulty is
introduced by thermal and other forms of instability.

The first subject to be discussed in this chapter is the
symbology required in order to develop a general sys-
tem of nomenclature that can be used for the presenta-
tion of variables and parameters throughout this book.
After this discussion, the possible choices of input and
output variables are considered and a preferred combi-
nation is selected that provides the required device data
in convenient form. This selection must be coordinated

with the plotting arrangements used for the data on the
variables.

The remaining paragraphs of the chapter are con-
cerned with the selection of a form of relation of small-
signal parameters that makes possible direct design
with a minimum of difficulty for a comprehensive
group of types of circuits, and the selection of the basic
configuration to be used in general design problems.
The relations selected should be optimum for as wide
a variety of important design problems as possible, and
should yield other designs as limiting cases. The config-
uration selected should make possible the measurement
of the properties of the device with a minimum interfer-
ence from associated circuitry. These paragraphs must
solve the controversial questions of the small-signal
parameters to be used in the book and the question of
the appropriate common electrode for the transistor.
The chapter is closed with tabulations of the relations
among the various systems of parameters.

2-1  SYMBOLOGY

The set of symbols used in this book, a complete
tabulation of which is included in the List of Symbols,
is based on the standard system developed by the Insti-
tute of Radio Engineers and the American Institute of
Electrical Engineers.* Some minor modifications have
been made in the system because the use of the small-
signal methods to be described makes possible much
more complete calculations than have heretofore been
possible and also makes necessary some additions and
modifications to the system to take full advantage of
the improvements made possible by the methods.

The system of identificationof the terms in the small-
signal equations for operation of a transistor or for any
network having an input and an output circuit (two-
port network) until recently consisted of identifying the
sets of terminals as set one and set two, with the immit-
tances bearing two numbers each (b1, 3, 4, etc)).

*The IRE and AIEE have merged to form the Institute of
Electrical and Electronics Engineers (IEEE).

2-1
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Fig. 2-1. Standard Transistor Symbols

This method has been replaced in the United States by
the use of a subscript / for the input current and volt-
age, and a subscript o for the output current and volt-
age. The designation of the immittances has been
changed completely, typical sets in the revised system
reading ¥;, Yy, Yy, and hy, kp, and ;. This system
of symbology has not met with favor abroad inasmuch
as the words for input, forward, reverse, and output in
other languages are completely different from the Eng-
lish words, with the result that the subscript letters
have no significance. Just what the conclusion of the
attempts at coordination will be is not currently clear,
but because the use of the letters does conform with
convenient usage in English it will be used, along with
a subscript ¢ for the modified output admittance in this
handbook.

The graphic symbols used for representation of tran-
sistors and transistor-like devices have been in a state
of confusion for many years. Fairly general agreement
has been reached, both here and abroad, on the symbol
originally introduced by the Bell Laboratories for rep-
resentation of the point-contact transistor. This sym-
bal, shown in Fig. 2-1, is not particularly satisfactory
for junction transistors, but it has had general accept-
ange.

Ideally, a graphic symbol can be expected to fulfill
the following conditions if it is to be of maximum
utility:

1. It should represent the device physically in-a
way that gives some indication of the behavior of the
device.

2. It should be easy to draw.

3. It should be consistent with other related sym-
bols.

A symbol consisting primarily of horizontal and ver-
tical lines with a minimum of slant lines and circles
wopld be the most satisfactory arrangement to draw,
and it might also best fulfill the consistency and physi-
al representation requirements. The symbols shown in
Fig. 2-2 were introduced by Lo, Endres, ct al.(Ref. 1).
Each canbe rendered somewhat casier to draw by the
use of the format shown in Fig. 2-3, a form that appears
to be generally satisfactory. Some of the other symbols
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that have been used are shown in Fig. 2-4. Although the
writer tends to prefer either the symbolsof Lo, Endres,
et al. or the modified forms of them, the standard IEEE
symbols will be used in this volume.

2-2 INPUT AND OUTPUT VARIABLES
The current and voltage variables used in the presen-
tation of the static data on junction transistors must be
selected to yield information on both the output and
input characteristicsin a manner that is, as far as possi-
ble, free of environmental variations. For example, the
output relation, which involves normally the collector
voltage and the collector current, is expressed in terms
of one of the input variables, because the input controls

PNP NPN

Fig. 2-2. Symools of Lo, et al

]
PNP NPN

Fig. 2-3. Modified Lo Synbols

Fig. 2-4. Other Symbols

N

m oo
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the exact combination of output values obtained with
the device. The fact that the value of the Fermi poten-
tial of the semiconductor material is strongly a function
of temperature makes desirable the use of input current
as the additional variable, in spite of the fact that the
output current is controlled by a combination of the
Fermi potential and the doping levels. Both the base
current and the emitter current have been used quite
extensively as this input variable, but the trend has for
some time been toward the use of base current.

This choice of base current is actually dictated by
requirements on precision of measurement. The base
current, the emitter current, and the collector current
all must be known, and are related by the equation

»ti,ti=0 (2-1)

The collector current i,, which is usually taken as the
output current in circuits, and the current having the
smaller magnitude between the remaining base current
i, and emitter current i, are selected as the plotting
current variables. The use of the smaller in magnitude
of the two possible input currents as the plotting varia-
ble relaxes the accuracy and precision requirements on
the measurement of the device currents because the
mathematically difficult feat of differencing two large
numbers with high precision need not be performed.
Table 2-1 shows the measurement accuracies required
for the emitter and collector currents and for the cur-
rent gain, alpha (a) to get base current and beta (3)
accuracies of 10%.

The use of collector voltage and current as the coor-
dinates in conjunction with contours of constant base
current has received general acceptance for presenta-
tion of the output relations for transistors. However, an
input relation is also required, presenting the two input
variables in terms of one of the output variables. This
input relation is normally presented on a separate set
of curves, although there is at least one method of
combining the two sets of data into one family.

The set of variables selected for the input contour
relations may include either the group input voltage
and current and output voltage, or the group input
voltage and current and output current. There are a
number of combinations of each of these groups, and
the ease and convenienceof use can be altered consider-
ably by the shift from one form to another. For this
reason, a careful examination of the properties of each
is required.

The form of data presentation in which both sets are
combined on a single chart includes both contours of
constant base current and contours of constant base

voltage on a single coordinate array of collector current
and collector voltage (Fig. 2-5). This arrangement is
convenient because the construction of one load con-
tour on the set of curves makes possible direct reading
of both the input current and input voltage. The curves
are excellent for applications in which no small-signal
data are required, but they become somewhat crowded
if four sets of small-signal contours are added. Further-
more, they do not present the static data in a form that
can be used easily for determination of small-signal
data by differencing. For this reason, where small-sig-
nal data are required, one of the two-graph presenta-
tions is more convenient. The selection of the optimum
form of the two-graph presentation is next considered.

2-3 PLOTTING ARRANGEMENTS

The configurations used for the input and output
families of data should present both the current-voltage
relations for the input circuit, and the current-voltage
relations for the output circuitin a form that simplifies
the direct coordination of the input and the output
characteristics. In the following paragraphs, the use of
both the contours of input voltage and of input current
as a function of output voltage and current is discussed,
and then other configurations using separate input
families are considered.

The plotting of the input variables in terms of the
collector voltage may be accomplished in at least four
ways. The contour lines may represent constant values
for either the base current, the base voltage, the collec-
tor voltage or collector current. And the coordinate
scales for use with each possible contour variable in the
establishment of a graph may be subject to selection
also. Because the output curve family consists of volt-
age, of constant value of input current as a function of
the output voltage and current, and because corre-
sponding points on the input and output families must
be coordinated in the process of design of a circuit, the
use of input curves based on contours of constant value
of the input current, one of the coordinates then being
base voltage and the other either collector voltage or
collector current, appears to have significant advan-
tages. One or the other of these two arrangements has
been used on data sheets published by device manufac-
turers. For example, Amperex and Valvo GMBH have
for some time plotted the input family in much the
same way as is done in this book, Fig. 2-6, and Fair-
child, RCA, and others have published curves with the
collector current as the third variable rather than col-
lector voltage. Typical examples of these curves are
included in Appendix E.
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In the amplification region, region 11, the collector
current varies but little with change of collector voltage
and a fixed base current, with the result that considera-
ble crowding can occur. When plotted as a function of
collector voltage, however, the curves spread out in a
form that facilitates the use of the available data. This
form of the curves is particularly helpful in the estima-
tion of admittance parameters.

The input relations as a function of collector current
are most useful in region 111, the current-saturation
region. In this region, the base voltage changes rapidly
and the collector current also changes rapidly, and the
data on saturation conditions required in switchingde-
sign are available. With devices intended primarily for
use in switching circuits, the combination of the stand-
ard collector family of curves having the base current
as the contour variable in conjunction with a base
family also having the base current as the contour vari-
able and the base voltage and collector current as the
coordinates may prove more useful than the corre-
sponding input family with collector voltage as the
coordinate. However, the difference is so small that the
advantages of using collector voltage in region I make
it the preferred coordinate for general use.

One difficulty in plotting the input contours as a
function of collector current is that it is more difficult

i¢ —ampers

to sweep the collector current than it is the collector
voltage. The current can be swept by sweeping the
voltage in region 111, but the action is unsatisfactory in
region II because of the slow variation of £, with V.

Contours of constant value of the collector voltage
have frequently been used in the past as a means for
presenting the input characteristics. There appears to
be a trend away from this format, however, for reasons
discussed in the next paragraph on information con-
tent. These curves are difficult to plot on automatic
curve-tracers, and they are rather difficult to use effec-
tively.

2-4 INFORMATION CONTENT

One of the important considerations in the develop-
ment of a system of data presentation on any device like
a tube or atransistor is the organization of the informa-
tion and the data to make all important factors readily
available, and to provide the less important data in a
manner which makes them available, but does not
stress them or weight them excessively. A typical ques-
tion, the answer to which might be found by the use of
the concept of the value of information, is the selection
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Fig. 2-5. Combined Input-output Curves. Curves courtesy Minneapolis Honeywell
Regulator Co.
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Fig. 2-6. Typical Curves—OQCA45, Courtesy Amperex Electronics Corp.

of the appropriate component of current for use in
plotting data sheets for transistors.

When the junction transistor was first introduced
many manufacturers provided their characteristic data
on the devices in terms of collector voltage and current,
and emitter current. Users soon found that design was
inconvenient at best using this arrangement, because it
was extremely difficult to get a reasonably accurate
estimate of the current in the base lead from these data.
And, unfortunately, that information was needed quite
often. The use of two currents nearly equal in value as
plotting variables made necessary the determination of
the third current by the process of subtracting two
relatively large numbers to get the value of a smaller
number. This differencing operation is strongly disap-
proved of by mathematicians because the precision re-
quired of the originaldata to obtainan accuracy of even
50% in the smaller may be extreme. Table 2-1 shows
the precision required for determining the base current
of a transistor to an accuracy of 10% when the emitter

current, the collector current, and either the o or B are
given,

Clearly, the most extreme accuracy may be required
of the values of the emitter and collector currents to get
any sort of precision in the value of the base current.
The base current must be selected as a plotting variable,
rather than the emitter, if the precision requirements
are to be reasonable.

TABLE 2-1
PRECISION REQUIREMENTS ON CURRENT
GAIN

@ 8 Precision: %e 1,
0.5 1.0 10% 5%
0.75 3.0 1.67% 1.25%,
0.9 9.0 0.55% 0.50%
0.95 19 0.27% 0.25%
0.98 49 0.10% 0.10%
0.99 99 0.05% 0.05%
0.995 199 0.026% 0.025%
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Fig. 2-7. Crystallization Defect

2-4.1 VOLTAGE EFFECTS

The potential stress applied from emitter to collector
has a strong influence on the behavior of a transistor
both at very low values of voltage and at relatively large
values. In the region between, the voltage has relatively
little influence on the magnitude of current flow. The
current-voltage behavior at very low voltages deter-
mines the minimum dissipation in the transistor for any
given value of collector current, and is for that reason
very important. In a similar manner, the variation of
collector current with collector voltage at large values
of voltage tells a good deal about the characteristics of
the individual transistor, since it shows where ava-
lanche current multiplication and severe thermal heat-
ing occur. If the value of voltage at which avalanche
multiplication occurs is abnormally low, defects of
crystallization such as are shown in exaggerated form
in Fig. 2-7 are probably present. A bump or point on
the boundary between either the emitter and base or the
collector and base causes an area of higher than normal
potential stress, and causes the multiplication of the
number of carriers at an abnormally low voltage. A
transistor can short-through (punch-through) at such
points. Unless a device approaches failure from punch-
through, this kind of boundary defect has little effect on
the behavior of the input circuit, but it alters the output
characteristics significantly. The output family of
curves appears somewhat as shown in Fig. 2-8.

Thermal effects in the transistor introduce a hystere-
sis effect into the output contours as a function of base
current, and they also introduce a typical heating effect
into the input contours when they are plotted in terms
of collector voltage. (The base current contours curve
toward minimum magnitude of base voltage as the col-
lector voltage is increased.) This effect is usually only
barely noticeableon a sweep-curve analy zer such as the
Tektronix Model 575 analyzer. It shows up best when
the sweep rate is low enough so that thermal heating
has time to occur.

Clearly, the behavior of an input family of curves
based on contours of base current in terms of base
voltage and collector voltage can be used to provide
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some idea as to the behavior of the device in its
proposed operating circuit and also to detect possible
defects. The choice of the collector voltage as the third
variable on the input contours is dictated by the fact
that under all but saturation conditions the magnitude
of the collector voltage per se is more important to
device behavior than is the value of the collector cur-
rent.

The contour set that best expresses the properties of
a device presents the data in terms of the variables that
are most stable and significant for representingit. Since
the output contours are without question more impor-
tant than the input contours with most devices, the
variables for plotting the output curves are the most
important to select correctly. The selection of contours
of constant magnitude of base current plotted in terms
of collector voltage and collector current clearly gives
the output characteristics in terms of the most sensitive
variables, and gives them in the form showing the high-
est order of thermal stability.

The coordination of the input and the output families
of data can improve the usefulness of both families of
curves. Unless the families are so arranged that corre-
sponding points on the two families can be readily
located, full information on static behavior is not
readily available. To facilitate data transfer, the collec-
tor voltage may be chosen as the abscissa on both
graphs. If, then, base-current contours are plotted as a
function of collector voltage with base voltage as the
negative ordinate, the transfer of a point on the output
family of curves to the input family requires only the
location of a point on one of the base-current contours
of the input family vertically below the corresponding
point on the output family. If a set of intersections of

Ve

Fig. 2-8. Output Curves for a Transistor With
Crystallization Defect
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Fig. 2-9. Curve Set for 2N228 Transistor

aload line with the base-current contours on the output
family is transferred, one by one, to the input family,
then the corresponding input contour may be drawn
and static characteristics be tabulated at any desired
points by the help of vertical transfer lines (Fig. 2-9).

2-4.2 PARAMETER DATA

In addition to information on the static variables, it
is necessary to know something of the small-signal
behavior of the devices. In the next paragraph the pos-
sible small-signal parameters that may be used are con-
sidered, and the ones for use in this handbook are
selected. In this paragraph the organization of the pa-
rameter data for optimizing design effectiveness is ex-
amined.

Middlebrook (Ref. 2) and others have shown that the
junction transistor requires between 7 and 10 small-

signal parameters for a full representation. Of these
parameters, at least § are either resistances or conduc-
tances, a minimum of 2 are capacitances, 1 may be an
inductance, and 1 may be a time-delay corresponding
to diffusion time. At frequencies so low that the capaci-
tance and inductance may be neglected, cither 4 or 5
conductances (or resistances) may be used to represent
the device. Some of these conductances affect the out-
put behavior primarily, and others the input behavior.
Because it can be shown that the static data on active
devices like transistors are often less stable than are the
corresponding small-signal data such as forward ad-
mittance, some method of presenting the small-signal
data in a form emphasizing their stability should be
used. The form should permit ready coordination with
the corresponding static relations. This representation
can be made on separate graphs, or it can be coor-
dinated with the graphs of static data by superposing

2-7
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contours of constant-parameter values on them. The
present trend is toward provision of more extensive
amounts of small-signal data (cf. Amperex and Fair-
child data sheets), but the means of coordination are
still not completely adequate.

In a coordinated plot, the small-signaldata that may
be associated with the output curve family conveniently
consist of parameters affecting the output behavior of
the device, namely, the forward transfer function and
the output function. Correspondingly, the small-signal
data that are of the most importance with respect to the
input characteristics are the input function, and possi-
bly the reverse transfer function. The reverse transfer
function is rather inconvenient to measure directly, and
in fact it is usually measured indirectly. It is usually
determined from values of the parameters y, and
1/z, (or h,), the first being the output admittance with
the input short-circuited to signal currents, and the
second the output admittance with the input open-
circuited to signal currents. The value of y, then is given
by the equation

Yo (Yo — ha)/y; oOr
hi(ho - ya)/hf

Yr
he

(2-2)

1l

The value of y, or A, may be calculated directly from
this equation on the rare occasions that it is required.
The contour of constant value for h may be plotted on
the input family instead of that for »,. This substitution
will be shown to yield a complete set in the next para-
graph. Eq. 2-2 may be modified to yield any of the other
reverse transfer parameters as required.

2-5 BASIC SMALL-SIGNAL

RELATIONS

A considerable variety of different sets of small-sig-
nal parameters has been used in the representation of
the active behavior of transistors. A similar situation
existed to some extent with tubes in the early days, but
standardization of parameters was simplified by the
fact that the input function and the reverse transfer
function both are of relatively little importance with
tubes. Since this is not the case with junction transistors
and many related devices, it is necessary with them to
consider a more complete representation. The purpose
of this paragraph is to evaluate the various groups of
parameters that have had a reasonable amount of us-
age, and to determine from the evaluation which set
appears to be potentially the most useful for circuit
design. In making this determination consideration

2-8

must be given to factors such as ease and accuracy of
measurement, the optimum measurement configura-
tion, the group that will give the simplest and most
direct design procedure consistent with easy extension
to high-frequency operation, the relation between the
configuration and the physical theory of operation, and
the determination of the set that can simplify insofar as
possible the problem of design of reliable circuits. As
will be evident directly, this analysis leads more toward
an admittance (or conductance) type of representation
than toward any of the others. The reason the hybrid,
or H, parameters have proven satisfactory in many
applications is that in many respects they are closely
related to the admittance parameters. As noted by
Armstrong (Ref. 3), their deficiencies as high-fre-
quency parameters are largely a result of deviations
from a pure admittance form.

Basically, the easiest approach to the representation
of a network device is based on the examination of the
various forms of its equivalent network representations
to find a configuration that conforms relatively well
with the physical behavior of the device and at the same
time gives a realizable equivalent network for use with
a set of small-signal parameters amenable to direct and
reasonably accurate measurement. Once the basic ar-
rangement has been selected, then the modifications
required to realize the maximum usefulness of the se-
lected parameters may be made, including the modifi-
cations required to correct for such unideal properties
as base-spreading resistance.

Network representation of an active device, com-
monly based on the so-called black box*, is based on
one of the following sets of equations (Fig. 2-10)

’ii = Y; + Yo
: + 2-3)
1o = yfvi yava

7:,' = gV + g0
] + (2-4)
1o = GyfUs Jolo

*The name “black box” is used to signify that the type or
configuration of components within a specified closed black line
or “box” need not be known exactly to specify the external cur-
rent-voltage relations at each of the ports. This independence of
internal configuration may not be valid except at a fixed frequency
if the magnitudes of the capacitance and inductance components
are to be independent of frequency. A symmetrical set of current
and voltage equations is used in conjunction with terminal and
transfer immittances. One of the chief assets of the three-terminal,
two-port, black-box configuration is the ease with which it can be
modified to take account ofchanges of the external circuit configu-
ration. Such a change is the change of the common terminals.
(Some authors have been calling this by the name “opaque box™.)
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Fig. 2-10. Transistor Black-box Representation

for the admittance and conductance form of the equa-
tions, respectively. (The long-standing use of g as the
symbol for conductance in electrical engineering dic-
tates the form of Eq. 2-4. The use of g as the symbol
for the inverse H parameters for this reason is not
adopted in this book. It has received little acceptance
in TEEE standards and is used relatively little.) The
hybrid form of the equations is

UV = hﬂ.{ + h,?)o

do = hyic T v, (2-3)

Another set sometimes used is the impedance set

v; = Z{’L.,' + Zr":o (2 6)
Vo = 2si; + Zolo

The remaining two sets, commonly used with cascaded
networks, are seldom used with transistors. They are
often used with lattice networks.

There are a number of sets of parameters that do not
fit closely in the black-box pattern, the most important
being those originally introduced with the point-con-
tact transistor, a special set of resistance parameters.
These parameters proved quite satisfactory with point-
. contact transistors, and also are reasonably satisfactory
for low-frequency circuits using junction transistors,
but their values are difficult to measure directly. The
value of the mutual resistance r,, is particularly difficult
to measure because there is no way of making it directly
accessible at the terrninals of the device. In addition,
the value of 7. is difficult to measure because of its very
high value, typically many megohms.

2-6.1 THE H PARAMETERS

The H parameters include one impedance parame-
ter, one admittance parameter, and two dimensionless
parameters that may be determined in terms of the
ratio of two admittances or two impedances as desired.
The termination conditions for each of the four A
parameters, and also the termination conditions for the
other black-box parameters are tabulated in Table 2-2.
In this table, a notation of infinite impedance indicates
that the terminating impedance should be a minimum
of 10to 100 times the nominal impedance level at the
specified port, and zero that it should be well less than
a tenth the nominal impedance at the port, and less
than a hundredth if possible. The values marked large
and small should be selected to make possible good
bridge balance relations. For that reason, they cannot
be specified more closely.

An examination of Eq. 2-5 shows that h, is a small-
signal impedance, #, is a small-signal admittance, and
the ratios, %, and 4, are current and voltage ratios,
respectively. Now, the use of an impedance for 4; is
inconsistent with the nature of the transistor because
when base-spreading resistance is neglected the input
immittance can be shown to be characterized by a par-
allel resistance-capacitance combination (Refs. 1, 4).
Such a parallel combination is more conveniently
represented by an admittance of the form g, +
Jjb; = g; +fw(; than it is in the form

(ry — joCa) /(1 + w2Chh)

where 7,/(1 + w?*Ch?) is the resistive component of h;
in terms of the capacitance of the transistor and its
shunt resistance, and the equivalent series capacitance is
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Ci{1 + 1/(wCir}))

Naturally, both of these expressionsrepresent the same
immittance, but both components of #; are strongly
dependent on angular frequency, whereas in the admit-
tance form only the conductance g;is weakly dependent
on frequency. This dependence corresponds in general
behavior to the transit time conductance in tubes, rising
linearly with frequency, from a frequency in the neigh-
borhood of = which in a later paragraph is defined
as the noise corner frequency f,, (Ref. 5).

The output admittance term for the set of A4 parame-
ters is represented by a combination of a parallel
capacitance and resistance. Strictly, the capacitance
from the collector is divided between the base and the
emitter in a transistor, with the larger component nor-
mally being to the base. These two capacitances are
paralleled in the output admittance function, but they
divide, one being part of the feedback immittance with
the H parameters. No difficulties are encountered in
the use of the h, parameter with transistors.

The forward transfer ratio for the H parameters
measures the current gain of the transistor, and is a
useful number in its own right. It has considerable
similarity to the mu (), or amplification factor for
tubes, in that it is relatively constant over the full oper-
ating range of the transistor. It does vary in value
slowly as the total current through the transistor in-
creases, because the voltage gradients in the base region
reduce the active region of the device quite rapidly as
the total current is increased.

The forward transfer ratio is commonly known by a
number of differentnames, including the 8 in the com-

mon-emitter configuration, and the a in the common-
base configuration. It is also known by the symbols,

Ay or hy, and A, for common-emitter and common-base
configurations, respectively. The value of 4, or B is
usually included in the tabulated data for any transis-
tor.

The reverse transfer ratio, or reverse voltage gain,
varies in value as a function of operating conditions,
and is rather inconvenientto measure. Its value is small
compared to the values of /#; and #, but not necessarily
with respect to h. It is for that reason difficult to
handle when transformations of configuration are be-
ing made in Hparameters. The use of parameters and
a configuration that render the reverse transfer immit-
tance negligible compared to the remaining three im-
mittances can significantly simplify transistor circuit
design.

2-5.2 THE TEE PARAMETERS

The tee parameter configuration may be established
in either one of two different forms, the one using a
current generator, and one using a mutual resistance
r.. The former is used with point-contact transistors,
the latter withjunction transistors. The current-genera-
tor form has also found use in the analysis of high-
frequency circuits for junction transistors. Because of
the difficulties encountered in measuring the magni-
tudes of the resistance values for the tee parameters—in
particular r,, 7, and r;—they are more commonly used
as an aid to circuit analysis than in design. A modified
form containing both resistance and conductance terms
may also be used in this way. Fig. 2-11 shows the
commonest form of equivalent network. Since this ar-

TABLE 22
TERMINATION CONDITIONS
Termination Termination

Parameter Input Output  Parameter Input Output
hi Zlarge Z=0 Y Zlarge Z =0
k. Z = Z large Yo Z=0 Z large
by Zlarge Z =0 yr Zsmall Z =0
hy 7= 72 =0 ¥ Z=0 Zsmall
e Z=o Z large

2 Z large Z = 2s Z = Z =
% Z = o Z large z Z=w Z =

210
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rangement does not have the properties of a black-box
representation, the conversion from one common elec-
trode to another offers difficulties in addition to the
measurement problems.

2-6.3 THE ZPARAMETERS

The impedance equations express the circuit rela-
tions for one form of black-box representation in which
all the parameters are dimensionally the same. These
parameters have been used to some extent in the design
of low-frequency circuits, and they do fall within the
group that can be measured directly with a compara-
tively simple bridge. Since the representation of an
impedance, Z = R + jX takes the form of a series
combination of resistance and reactance, and transistor
immittances tend to behave as parallel combinations,
this set of parameters is of limited usefulness.

254 THEP/ PARAMETERS

The pi parameters, sometimes called the Giacoletto
parameters, have been developed to represent the
physical characteristics observed in junction transis-
tors. As a consequence, they provide a good delineation
of the characteristics of the devices. They are made up
of a set of conductance and susceptance elements in
conjunction with a resistance, the base-spreading resist-
ance, and they are in many ways interchangeable with
the admittance parameters discussed in the next para-
graph. As shown in Fig. 2-12, the transistor is repre-
sented by a set of admittances arranged in a typical pi
configuration.

The pi parameters are based on admittances for the
common-emitter configuration, and are somewhat
more complex to convert to other configurations than
are black-box arrangements. They can be modified into
a current-generator form, or they can be used with the
current generator replaced by a forward conductance.
They make an excellent basis for representation in the
analysis of high-frequency circuits.

Fig. 2-11. Tee Equivalent for a Transistor

[o1 o]
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E
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Fig. 2-12. Pi Equivalent for a Transistor

The individual parameters include, in addition to the
base-spreading resistance, the input admittance, the
forward admittance, which is the equivalent of the
transconductance in a tube, the output admittance,
which is equivalent to the plate conductance, and a
feedback admittance. The value of the forward admit-
tance is roughly proportional to the emitter current in
the device, and consequently is also proportional to
collector current to a reasonable approximation. The
input admittance has a value that is likely to differ
widely from one device to the other, rather than having
a value which is nearly the same from device to device
as with the forward admittance. Because of this differ-
ence in behavior, the separate data given for the two
admittances simplify circuit design.

The output and the feedback admittances also have
relatively wide ranges of variation. In addition to the
variation from device to device, the value of the output
admittance has an apparently rapid variation with fre-
quency. Actually, this latter variation is a result of
feedback action. If eitherr,, or the feedback admittance
is zero, then the output admittance is rather well-
behaved as a function of frequency.

2-6.5 THE Y OR G PARAMETERS

The Yparameters, which at low frequency reduce to
the Gparameters, have many points in common with
the pi parameters just discussed, and they have points
in common with the hybrid parameters as well. Like
the impedance parameters, the basic Yparameter set is
homogencousin that all four are admittances. And, like
the output parameter of the hybrid group and the input
and output parameters of the pi group, both the input
and the output parameters of this group are represented
by a parallel combination of conductance and suscept-
ance.

The admittance parameters are defined by the equa-
tions

1 = Y& + Yo
To = Ysi + Yobs
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% = gwi + g:% (2-4)

7;0 = gsVs + Golo

For the present discussion, the susceptance compo-
nents are neglected, and Eq. 2-4 used instead of Eq. 2-3.
The basic form of the equations shows'that the parame-
ters may be determined by voltage and current meas-
urements at the terminals. Because the currents in any
transistor are determined by the relation given in Eq.
2-1

ib + @.e + @.c = 0 (2'1)

it is evident that if in Eqgs. 2-3 and 2-4 # is taken to be
i andi, asi,, Eq. 2-4may be converted to the form that
gives the relations in terms of the emitter current as
input and the collector as output by a simple addition

@.i + @.o = 'ib + @.c = (g| + gf)vi + (gr + go)vo = _ic

o = gs¥; + Jolo = ’L.c
@7
Since v; = v, = —v,,, and the emitter current has a

negative sign in the first of the equations, and since the
output voltage must be replaced by (». — ), the equa-
tions take the form

te = (g: + gr)ve — (gr + 9o) (0 — ve)
o(g)vs — (gr + go)vc
’iG = - (g! + go)vc + Gole

(2-8)

where o(g) = g; + & + g * g, In asimilar man-
ner, the equations may be rewritten in terms of the base
and the emitter currents

ib = g + grlc
(9: + 90)vs + (9r + go)ve

(2-9)

T

From these equations, making a substitution to get
v, in terms of v,, the modified form becomes

2-12

T = gt + (gs + g-)ve

2-9a
(g: + gr)ve + a(g)ve @-5%)

T

A substitution table, Table 2-3, may be prepared
showing the substitutions required to convert the com-
mon-emitter equations into the correct form for the
common-base or the common-collector configurations.

For each configuration, the A factor takes the same
form for admittance and for impedance parameters.
The o factor is the sum of the admittances

oy) =y:tyr+y-+ 9

The A factor is clearly independent of configuration
because it has the same value for each arrangement.
The modified output parameters, which are compo-
nents of the A factor, are included for completenessin
Table 2-3, and are discussed in detail in the next para-
graph.

The parameter conversions for the hybrid parame-
ters are again based on the current node equation, Eq.
2-1, in terms of the basic equations for the Hparameter
configuration

v = hs’ii + hrva

b = hyis + hov, 2-5)

These equations must first be solved for the appropriate
value of ¢;,0r,, and i, or i before they may be used
in conjunction with Eq. 2-1 in a configuration change.
When this is done, the equations take the form

8= v;/h; = (he/Ri)vo

(hs/h3)vs + (ho — hsho/hiv, (2-52)

%

In this form, the currents can be combined as desired
to provide the correct values of currents for the com-
mon-base and the common-collector configurations if
the original equations represent the device in the com-
mon-emitter arrangement. As is readily evident, the
equations for the hybrid parameters do not lend them-
selves readily to this type of transformation, but give
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TABLE 2-3
PARAMETER CONFIGURATION CONVERSIONS
Parameter C-Emitter C-Base C-Collector

Input Yi () Yi

Forward Yr —(yr + ¥) — (i + 1)
Reverse Yr — (¥ + ¥o) — (i + yo)
output Yo Yo a(y)

Mod. output Ye Yiye/ o (y) Ye

A factor Yo — YrYr Yo — Yrlyr Yive — Ys¥r

rather complicated coefficients. The corresponding
transformation is simple and direct with admittance
parameters, and the modified Eqs. 2-5a actually are the
basic equations for the admittance relations, but in
terms of the hybrid coefficients.

Factors that affect the selection of the parameters for
use with an active device include the ease of measure-
ment of the important characteristics, the precision
with which they can and must be measured, the relia-
bility with which they can be measured, and the config-
uration in which they can best be measured. In the
paper by Follingstad (Ref. 6) the conclusion is drawn
that the hybrid parameters show somewhat better relia-
bility than the admittance parameter data, and that
they are better than the impedance parameters. A re-
examination based on the optimum circuit configura-
tion for the determination of the minimum set of device
parameters in a form that is independent of the circuit
configuration permits the development of a somewhat
different order for the utility of the hybrid and admit-
tance parameters. If the optimum set is taken asy,,
Vg, and eithery. or A, (they are the same), it develops
that this set in the common-emitter configuration can
be measured with a precision well within the required
tolerances.

Ideally, the admittance parameter set that can be
shown to be most convenient to use includes the input,
the output, the forward admittance, and the admit-
tance A factor. The operating equations derived in the
fourth and later chapters use these four parameters to
the almost complete exclusion of the reverse admit-
tance. Because of the fact it is almost impossible to
measure the A factor directly, however, the use of a
modified set of admittance parameters, which mini-
mizes the calculation required to determine the A fac-
tor, is indicated. Such a set is discussed next.

Themodified Yparameters. This set of admittance
parameters can satisfy both the problems of measure-
ment accuracy and also those of design simplification,
giving the advantagesof both the hybrid and the admit-
tance parameters. At the same time they relax the
precision required on measurement of parameters con-

siderably compared to cither the Hor the normal Y
parameters because of the elimination of the differenc-
ing of a product that may be required in the calculation
of the value of the A factor.

The first three parameters of this set, y;, Y and
v, .are identical with the corresponding parameters of
the regular admittance set, and the fourth is identical
with the output admittance in the hybrid system A, As
a matter of convenience and to keep a consistent pat-
tern of notation, this parameter is identified by the new
symbol ¥, .This parameter always appears in conjunc-
tion with the input admittance in the form (y;y..), and
this product has already been shown to be the invariant
known as the A factor. An examination of the corre-
sponding relations for the hybrid parameters shows
(Table 2-6) that no such convenient interrelations exist
among the hybrid parameters.

The principal forms of terms in which the parameter
¥, appears are the A factor and the o factor
(2-10)

Aly) = ytyo — Yry-

o) =y Tos Fo +o. @-11)

In Eq. 2-11, the term y, and usually the term y, may be
neglected compared to the remaining terms because of
the relations of their values in the common-emitter
configuration

Yr > ¥i P Yo > yr (2-12)

Consequently, the use of A(p) and o(y) can simplify
many calculation problems in design of transistor cir-
cuits.

The discussion to this point has neglected the pres-
ence of the base-spreading resistance in practical tran-
sistors. At low frequencies, appreciably below the
B-cutoff frequency, such a procedure is convenientand
useful. Strictly, however, it is necessary to take the
admittance parameters as the values for an intrinsic

2-13
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Fig. 2-13. Effect of Base-spreading Resistance

ideal transistor and to extract the base-spreading resist-
ance as a separate entity in higher-frequency applica-
tions. The effect of this change is considered in the next
few paragraphs.

2-6 COMPLETE SMALL-SIGNAL
RELATIONS

The completerepresentation of a typical transistor in
terms of small-signal parameters requires the inclusion
of the base-spreading resistance, and it requires the
correction of the internal admittance parameters to
compensate for the effect of this resistance, Fig. 2-13.
Since the input admittance of the transistor is finite
rather than zero, a loss of input voltage occurs across
this resistance and the input admittance also is altered
by it. The net input admittance for a transistor having
base-spreading resistance is given by the equation

¥ = /(e + 1/y0) = yoo/(1 + yore) (2-13)

where the primes indicate the internal values of the
admittances. This equation may also be solved for the
internal admittance in terms of the terminal value

Yio = Ys/ (1 — yirer) (2-13a)

The differencing in the denominator of this equation
shows that difficulties may be anticipated in the deter-
mination of accurate values of y; under high-current
conditions.

In a similar manner, the portion of the input voltage
that is effective in producing an output current change
is that which is applied across y;.Its value may be
found to be determined by the equation

ve/te = 1/(1 + yiter) (2-14)

2-14

Then the effective terminal transconductance or
transadmittance is given by the equation

yr = yr/(1 + yuerv) (2-15)

or

Yr = ys/(1 — yr) (2-15a)

Fortunately, the value of 7, is relatively constant, so
that the correction of the measured values of g; and
gr to the internal values is relatively simple.

2-7 CONSIDERATIONS AFFECTING
PARAMETER SELECTIONS

In the previous paragraphs, the parameters that can
be used for representation of the small-signal behavior
of transistors have been considered, and their proper-
ties in design briefly discussed. In this paragraph, the
relations of the parameters to the physics of junction
transistors and factors affecting their measurement are
analyzed in more detail.

Many writers have pointed out that there is no par-
ticular need for the set of small-signal parameters used
to have any significanceto the physics of the device. If,
however, a set can be selected that can both represent
the device physically and at the same time provide
useful data more convenient to use for circuit design,
then many advantages in the ease of use result. Ease of
measurement is likewise of great importance, because
the design data must be readily obtainable.

Reference to the derivations of the characteristics of
transistors in terms of junction geometry shows that
the input and output relationsin a transistor are deter-
mined in terms of admittance relationships, with the
input circuit being the emitter, and the output the col-
lector (Refs. 1, 4). The equations for the emitter current
and the collector current in particular are expressed in
terms of changes of barrier potential with respect to the
Fermi potential: The general equations for base and
collector currents, as given by Lo and Endres, are as
follows (Lo, Eq. 7-1)

IB = U'(G) - {eXP[A(VB - IBTD')]}(GH + GZI)/A'

— {exp[A (Vg + Igry)IHG g + Gyp)/AZ1O)
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IC = - (GZI + Gzz)/A + [exp(AIbeo)] . (2'17)

X [Gyy exp(— AVp) + Gyy exp(AV()]
where the o(G) has the value o(G) =G, *G 4 + Gy,

+ G,, and the values of the Gs are defined by the
equations (Lo, Eq. 8-26)

Gy = bolfcoth W/L, (2-18)
+ onLp/opLa)/[(1 + b)?onL,)

Gn = —bo? [cosech W/L,)/((1 T b)20,L,] (2-19)

Gz = —ba? [cosech W/L,1/1(1 F b)2o,L,] (2-20)

Gy = bai[coth W/L, (2-21)

+ UnLP/”P’Ln']/[(l + b)2e,L,]

and the symbol definitions are
W = base width

L, = hole diffusion length

o, = n-type conductivity

o, = ptype conductivity

o, = intrinsic conductivity

L, = electron diffusion length

0, = collector ptype conductivity
L. = collector electron diffusion

=

length

b = ratio of mobilities of electrons
and holes = 2.1 for
germanium

A = q/(kT)

These equations as they stand apply to a PNP tran-
sistor. To obtain the corresponding equations for an
NPN unit, it is necessary to interchange the 2 and »
subscripts throughout, and to invert b to give the ratio
of the mobilities of the holes and electrons.

It is important to note that these equations take the
form of nonlinear admittances throughout, in that they
reduce on expansion of the exponentialsto an expan-
sion of either base or collector current in terms of first
and higher powers of the applied voltages, ¥, and
V. Consequently, it would appear that the devices
behave as nonlinear admittances. Additional cor-
roborating information can be noted in the fact that the

irregularities in the diffusion of carriers through the
base region introduce an effective capacitance, the dif-
fusion capacitance, in parallel with the input conduc-
tance, and a similar capacitance whose magnitude 1s
dependent on voltage is introduced by the boundary
charge fields for the device.

The diffusion capacitanceis a function of the emitter
and base currents because it measures the irregularity
or granularity of the current flow through the base
region. The ratio of the conductance to the capacitance
at the input of a transistor is expressed in terms of the
lifetime of the minority carriers in the base region (Lo,

Eq. 8-46)

gpp/Cpp = 1/7, (2-22)

where 7, is the lifetime. The magnitudes of both the
capacitance and the conductance are proportional to
the square of the ratio of the base width to the mean-
free-path, (W/L)* or (W/L,)*, depending on whether
the transistor is a PNP unit or an NPN unit, respec-
tively. If the capacitance depended only on the first
power of the ratio, then the diffusion time of the parti-
cle across the base would be the prime factor control-
ling the capacitance, Because it depends on the square
of the ratio, however, one can deduce that an additional
factor dependent on the uniformity of flow must be
considered. The second (#7/L) factor, for small values
of the ratio, is an approximationto the expansion of the
decay exponential [1 — exp(— W/L)].

The transition capacitancesin transistors develop as
a result of the stresses across the junctions themselves.
The emitter transition capacitance,across the forward-
biased base-emitter junction, is large because of the
small forward voltage applied to the junction, whereas
the collector capacitance is quite small because of the
relatively large reverse bias across the collector junc-
tion. This capacitance may be represented by the equa-
tion (Lo, Eq. 7-2)

Cp= AV (2-23)

where A is an arbitrary constantdependenton the semi-
conductor material and its processing, and the expo-
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nent #nis typically 0.5 or 0.333, depending on the distri-
bution of the impurity atoms in the neighborhood of
the emitter or the collector junction.

The conductivity of the base region as determined
externally depends on the square of the ratio of the base
width to the mean-free-path, just as does the diffusion
capacitance. As with the capacitance, if recombination
irregularities did not contribute to the current, and to
the conductivity, this factor would depend strictly on
the volume of the active base region. Because the ratio
is squared, however, the recombination irregularities
are a prime cause of the base current. The same expo-
nential relation given in terms of its firstterm expan-
sion applies

(W/L) = [l — exp(—~W/L)] (2-24)

In addition to this internal conductance in the base
region of a transistor, a finite amount of resistance must
of necessity be present between the active region of the
base and the base-lead connection. This resistance,
known commonly as the base-spreading resistance,
would be small except for the fact that the base material
must have a very small value of conductivity if the
magnitude of the input conductance is to be kept small.
If the base conductivity is large, then the recombination
of minority carriers takes place more rapidly, and a
considerable portion of the emitter current may flow
out the base lead instead of flowing on to the collector.
The resulting short lifetime of the carriers makes tran-
sistor action possible only in devices having extremely
thin base layers.

The electrical properties of the transistor, which
must be represented by the data and the representing
equivalent circuit, can be tabulated in terms of the
following parameter relations:

1. A forward admittance, which at low frequencies
is approximately proportional to emitter current

g = 35 X I(in mA), mmohs (2-25)

2. An input admittance roughly proportional to
base current for currents, such that r, <1/g;

3. Transition capacitances, which are a function of
junction voltages

4. A diffusion capacitance that is proportional to
the emitter current

5. Output admittances g, and g, which are func-
tions of both collector voltage and collector current

6. A base-spreading resistance, which is relatively
constant but not completely so.

2-8 MEASUREMENT

CONSIDERATIONS

Follingstad (Ref. 6) has made an extremely thorough
analysis of the measurement of transistor parameters,
and has determined the accuracy limitations that apply
to them (Ref. 6). These results show that the best ac-
curacy in measurements in general can be obtained
using certain hybrid parameters and using some admit-
tance parameters in the common-emitter configura-
tion. On the basis of this, Follingstad has concluded
that the hybrid parameters, because a greater variety of
them are amenable to acceptable measurement, are bet-
ter.

Further examination of Follingstad's data, however,
shows that in the common-emitter configuration, some
of the admittance parameters may be measured with
somewhat greater accuracy and reliability than the hy-
brids, and others with roughly equal accuracy. Because
the years of experience in the use of transistor devices
since Follingstad's paper have shown that the common-
emitter configuration permits the measurement of de-
vice parameters with a minimum of dependence on
circuit parameters, a re-examination of the conclusions
drawn appears desirable.

The desirability of the use of admittance parameters

is supported by both practical and theoretical consider-
ations. Among the practical considerations is the avail-
ability of high-frequency measuring devices for mea-
suring the values of the given set of parameters. A
number of organizations, among them General Radio
and Wayne-Kerr, for example, have developed bridges
designed for admittance measurements on high-fre-
quency devices, both passive and active. The reason
that admittance measurements were selected is readily
discernible from some of Follingstad's curves, because
he shows that both h,, and A,, arc marginal for low
values of base current, whereas both y; and y. can be
measured with adequate accuracy. The data in Table
2-4 are condensed from the curves, and a replot from
his curves in Figs. 2-14, 2-15, and 2-16.
In Table 24, region 1 is the current-cutoff region, 1-2
the weak-conduction region adjacent to region 1, re-
gion 2 is the strong conduction region, and 3 the
low-8 saturation region, and the classifications of ac-
curacy are:
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TABLE 2-4
EXPECTED ACCURACIES OF PARAMETER MEASUREMENTS
Parameter Region H-CB H-CE Y-CB Y-CE
Input 1 3 3 1 1
12 2 3 12 1
2 1 2-3 2-3 1
3 12 1 3 2-3
Forward 1 3 2-3 1 1
12 1 1 1 1
2 1 1 1-3 1
3 2 2-3 3 1-3
Reverse 1 3 3 1 1
1-2 2 3 2 1
2 1 3 3 1
3 1 2 3 1-3
output 1 1 2-3 1 1
12 1 1 1 1
2 1 1 12 1
3 2-3 2-3 3 2

1. error less than 0.5%
2. error between 0.5 and 2.0%

3. error greater than 2.0%.

Clearly, in all regions except region 3, the accuracy
of all of the Ydata is excellent (common-emitter config-
uration). The accuracy of the 4, data is generally ade-
quate, particularly grounded base, but the rest of the

h parameter data is rather spotty, good here and bad
there.

Thebasic data given by Follingstad have been replot-
ted in Figs. 2-14, 2-15, and 2-16 to show in more detail
the comparative accuracies available for the common-
base and common-emitter configurations. Fig. 2-14

shows the data forg,, 880 and h, ,CE, and Figs. 2-15
and 2-16 show the accuracy curves for 4, and 4, in the
common-emitter configuration, and several of the
parameters in the common-base configuration. Because
the curves are for sweep measurements, bridge methods
can give a further improvement of accuracy.

The adequacy of the set of parameters selected for
representing transistors must be measured against the
tolerance requirements in their use in design, and their
stability with time and from device to device. The most
important design parameter should if possible be one of
great stability so that the design may be oriented for
reliability by keeping dissipations conservative and by
allowing ample margins for the less-important parame-
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Fig. 2-14. Parameters With Satisfactory Tolerances
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ters. The use of y rand y; providesjust such a separation.
The value of y, isrelatively smaller and less stable than
the value of yp, whichisthe parameter that controls the
output current, the two being the most important
parameters in design of most transistor circuits.

2-9 GENERALIZED
CHARACTERIZATION OF ACTIVE
DEVICES

Egs. 2-16and 2-17 can be generalized from the modi-
fied common-base form given in terms of base and
collector currents and the corresponding voltages. (As
has been done in these equations, V5 in Lo's equations
may be replaced by — Vg, and when the value of

Ve is large compared to Vg, the value of ¥z, which
is normally taken with respect to the base, may be
replaced by the collector-to-emitter voltage V. If the
value of ¥ is small, the conversionto common-emitter
requires the replacement of the ¥ with the expression
(Ve — Vp), where the new V. is measured from collec-
tor to emitter.) The modification of these equations
must first take account of the bias potential barrier
developed in the base region as a result of high-injection
conditions, by replacing the Fermi parameter A by the
modified Fermi parameter A, in the form:

A' = AQ +m) (2-26)

where the m factor, having a magnitude less than one-
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half, makes correction for the barrier potential devel-
oped' between the base region and the base lead as a
result of changes in doping level resulting from the flow
of majority carriers into the base to maintain electrical
neutrality.

This equation may be further generalized, however.
It can then be applied correctly to other kinds of solid-
state active devices, including electron tubes. When this
is done, the (1 T m)~'isreplaced by the kappa param-
eter mentioned in Chapter 1. Doing this leads to an
efficiency factor k which may have values in excess of
unity under high-injection conditions with an NPN
transistor. The value is somewhat less than two with
the NPN device, and somewhat greater than 0.7 with
the PNP device.

With electron tubes and field-effect transistors, the
value of k may be nearly unity with structurally perfect
devices at very small values of current (when the cur-
rent channel is of infinitesimal thickness), but it may
decrease to values less than 0.001 at very high values
of current. As is noted in Chapter 1, this condition is
essential for the development of efficient high-power
transmitting devices, tubes or solid-state. Only when
the impedance levels and voltage levels can be made
sufficiently high can substantial amounts of power be
controlled conveniently .

The real advantage in use of both the efficiency fac-
tor and the Fermi parameter in device characterization
is that they both are largely independent of extrancous
environmental parameters and phenomena. The value
of x does depend on current flow in the output terminal
of the active device, but it otherwise is largely in-
dependent of environment. (It can be affected by the
introduction of lattice disruptions from nuclear radia-
tion, since disruptions, by encouraging recombination,
tend to reduce output current. Nonetheless, the varia-
tion of the x at a given current level with the integrated
radiation level is small unless the device virtually has
been destroyed.)

For an NPN transistor, the value of x under high
mjection may be as much as 1.7; for a PNP transistor
it approaches 0.7. The change in x values from unity
for germanium transistors is somewhat less than for
silicon. The exact values depend on the semiconductor
material, and also on device polarity. The current level
at which this transition takes place is dependent on the
current level required to produce a substantial change
in the density of the majority carriers in the base region
of the transistor. (Strictly speaking, the distribution of
the total number of majority carriers in the entire active
base region must change substantially.) This change of
density introduces a contact-potential effect between
the junction region and the terminal and either in-

creases or decreases the effective Fermi potential
A=Y It clearly would be helpful to know more about
the nature of this transition region in practical devices,
and to have data and curves on typical devices.

The reason for the behavior of the x factor as a
function of device current which is noted with electron
tubes and field-effect transistors is simply that electro-
static shielding prevents the control field applied to the
grid or the gate from affecting current flow in the mid-
dle of a wide channel. If a column of electrons or other
charge carriers are moved from one place to another
under the guidance of an electrostatic guiding field, this
field will have an influence on only the outermost lay-
ers, and carriers within the column will be shielded
from the field by charges adjacent to them. The deeper
within the column, the more complete the shielding,
and the smaller the influence of the controlling field on
the carriers. For this reason, unless the column of
charge carriers is of infinitesimal thickness, the central
charge moves uncontrolled, and does not obey the sol-
id-state equations governing charge motion. It is for
this reason that the k-factor is called an efficiency fac-
tor, as it actually indicates in a general way the effi-
ciency with which the field can control total current
flow.

With field-effecttransistors, it is at least theoretically
possible to limit the central, or uncontrolled, compo-
nent of current by grading the density of polar mole-
culesto have a distribution proportional to the function
(T /N with respect to the channel centerline.
If the value of A is sufficiently large, it is possible
theoretically to maximize the current density against
the depletion region and keep it minimized in the chan-
nel center. In this way, field-effect transistors having
values of x approaching unity under normal operating
conditions theoretically can be designed.

Field-effect devices readily can be shown to have
values of x approaching unity for diode-type devices at
small currents, and that they have values approaching
atleast 0.5 for insulated-gate devicesunder similar con-
ditions. Analytically, this condition can be shown to
depend on the existenceof the potential jump across the
Debye region bounding the depletion zone in the chan-
nel. When the electric field across the Debye region
exceeds that in the adjacent depleted zone, the current
control obeys the Fermi admittance equation:

yge = Ay 227

with a value of x being in the range between 0.5 and 10.
When the field in the adjacent depleted zone exceeds
that across the Debye region, then the conventional
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Shockley admittance equation applies, and the value of
x in Eq. 2-27 will be typically less than 0.2.* It may be
much, much less than 0.2, by several orders of magni-
tude in some instances. Clearly, knowledge of the man-
ner of variation of x with device current can be of prime
importance in the study and design of reliable circuits.

All active devices presently available have a trans-
mission delay time associated with their amplification
action. In the normal theory, this delay is represented
by a transmission line. The delay time is a consequence
of the fact that the point of control and the point of
utilization of the current flowing cannot be made to
coincide and, as a result, a small —but finite —time is
required for the effect of control to be observed at the
output. Careful measurements of delay time with bipo-
lar transistors has shown that under small-signalcondi-
tions this delay is essentially independent of device cur-
rents and voltages. A similar situation on delay time
can be expected to be true with field-effect transistors,
and it is approximately true with tubes.

The input characteristics for the general active de-
vice have a wider range of variation than do the corre-
sponding transfer characteristics. The input admit-
tances for field-effect transistors and electron tubes, for
example, are largely capacitive (except at very high
frequencies). On the other hand, the input characteris-
tics for the bipolar transistor are substantially more
complex because of the relatively high input admit-
tance and the series spreading resistance which are
encountered.

Practically, it is possible to represent the general
active device in terms of an intrinsic immittance
“opaque” box (sometimes called a black-box represen-
tation) and an imbedding network which includes the
relatively stable parasitic immittances representing the
balance of the network. With admittance-type devices,
the parasitic elements are generally series, or imped-
ance, clements (the capacitance from input to output
can be an exception), whereas with impedance-type
devices, the parasitic elements tend to be parallel, or
admittance, elements.

The reason for the nature of the parasitic elements is
relatively easily determined. A parallel or shunt admit-
tance connected to an intrinsic admittance device
readily can be absorbed directly into the opaque-box
representation unless it is isolated by series elements
from the intrinsic device. Similarly, series elements
readily can be lumped into an impedance intrinsic de-
vice without affecting the overall structure. The evident
consequence of this is that a full representation of an

*The analysis of this problem is given in BRL Memorandum
Report 1746 and BRL Report 1301.

2-20

immittance-type device includes both the intrinsic ac-
tive device surrounded by alternating shunt admittance
imbedding nets and series impedance nets, the inner-
most being the dual of the active device itself. In fact,
this discussion and description apply to active devices
with any number of terminals, starting with tunnel
diodes (which are negative admittance devices), and
continuing through transistors and more sophisticated
active arrays.

With bipolar transistors, the most important para-
sitic elements include the spreading resistances—r,.,
r, andr,.—and the associated inductances, and possi-
bly the feedback capacitance. With field-effect transis-
tors and tubes, lead inductance and resistance and feed-
back capacitances are the more important parasitic
elements. (Cathode-interface impedance also can be
critical with tubes.) Transit-time effectsbecome impor-
tant with all three at high frequencies.

Three limiting frequencies are really vital to the op-
eration of all these devices. The first two of these are
the noise corner frequencies mentioned in Chapter 1.
The lower of these is the frequency below which noise
in excess of that predicted by thermal noise can be
expected to occur. The increase of noise below this
frequency is an inverse function of frequency in that it
increases with decreasing frequency. Different kinds of
devices appear to obey different laws in this region—
linear, root, or power.

The second noise corner frequency is that frequency
above which the “granularity” of current flow in-
troduces added noise. This frequency really limits the
usefulness of the device as a low-noise RF amplifier,
and it also establishes an oscillation limit frequency in
terms of an R-C or multivibrator-type configuration.
Circuits which must operate with a minimum of added
noise should use devices operating between these two
noise frequencies, f/;,, (the lower), and £, (the upper).
Values for the respective frequenciesare seldom availa-
ble.

The third frequency of importance, called the maxi-
mum oscillation frequency /... is the maximum fre-
quency at which the transistor, when imbedded in an
appropriate lossless network, can delivera unity power
gain from output to input. In other words, the active
device can just supply the losses of the input in such a
phase as to maintain oscillation. This frequency is often
provided for devices whose application is expected to
be with RF equipment, but it may not be given for
switching transistors, which often make the best low-
noise RF amplifiers.
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2-10 RELATIONS OF FREQUENCY
PARAMETERS FOR
TRANSISTORS

The frequency parameters fg, £y ,fns , 304 f7, frmax
arc all used on occasion in the description of the
response properties of transistor amplifiers. The first
two represent comner frequencies at which the
amplification of the amplifier changes from one
frequency relation to another, and the third and fourth
represent corner frequencies at which changes in the
noise characteristics occur. The fifth frequency is more
convenient to use than the first in calculations involving
frequency characteristics of amplifiers because the
reduction of the frequency to half increasesthe gain by
6dB. The fiyqy is important in that it is the maximum
frequency at which unity gain can be developed. It is
the maximum oscillation frequency.

Three of these frequencies are closely related to one
another. The relations are

Jo= (=)o, Jfa=@B+Dfs
Ja=Vif=tVT —a) = fo/VE+1) (228)
fa=fVBF+T) = fo/VT — )

Since at least one of the three frequencies is normally
known for any transistor, and either the a or 8 also is
known, all three frequencies are easily determined.

The importance of f; orginally was considerably
overrated in the literature on transistors, because de-
sign of the input circuit to allow for input capacitance,
a common practice with tube amplifiers, accounts not
only for the 8 frequency but also for base-spreading
resistance and the source impedance of the driver cir-
cuit. For this reason it is seldom given, and the value
off, is given in its stead. Because the corner frequency
for the noise spectrum is considerably more difficult to
measure directly, it is doubtful if the user can hope to
have the value of £, replace f, as the principal corner
frequency given on data sheets, and as a consequence,
the relations of Eq. 2-28 are of considerable importance
to designers.

The frequency at which the effective 8 is unity is also
related to the a- and B-cutoff frequencies and, with
transistors having a high value of 8, is almost equal to
the a-cutoff frequency. This frequency is equal to the
gain-bandwidth product for the device. It can be con-

verted into the other frequencies through the
equations*
Jo = fr)/B Sr = Bfs
fa= B+ Vfe/8 fr=8f/B+1 (229
Jr= afs

Because for large values of beta 8/(8 + 1) is almost
unity, a distinction between £, and /- may need to be
drawn only for devices having values of B8 less than
approximately 25.*

The maximum oscillating frequency fo.x is really an
overall figure of merit for the transistor in that it takes
into account the value off, and also the capacitances
and the base-spreading resistance for the device. Its
value is given by the equation (Ref. 7)

fmu = Jafa/(81r'rb: Cc) = J}Tﬁsﬂrb' Cc)

(2-30)
=L [_& _
47 Yyt CiCc

The importance of the frequency for unity gain is
shown by this equation.

Other parameters and variables are important in the
design of transistor circuits. However, because practi-
cal selections have been made for them that are com-
pletely adequate t@phnically, only a brief enumeration
isrequired. One of the most important remaining varia-
bles is the breakdown, or avalanche voltage for the
collectorjunction. The minimum value of this voltage
permitted in transistors conforming with specifications
is needed by the designer to design his circuit to comply
with the limitation.

The permissible dissipation limit on a transistor is
also important to the user. Device manufacturers nor-
mally provide data on this limit, but the value may not
always be consistent with good usage, particularly
when maximum reliability is important. A method of
checking the conservatism of this rating is described in
the next chapter.

2-11 POWER RELATIONS

The power gain in the transistor amplifier is a func-
tion of the operating configuration, and depends on the

*In practice, the value of /; is considerably less than f,. The
principal cause is transmission delay time, resulting from diffusion
through the base region, and another cause may be r .- and C,,.
The gain across 7+ applies a feedback voltage to C,,;, and causes
the magnitude of & re (0 drop to unity at alowcr frequency.
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values of the input and output impedance. The configu-
ration that gives the maximum power gain is the one
in which the device shows a minimum dependence on
the circuit properties. Egs. 2-31, 2-32, and 2-33 show
that this condition is obtained with the common-emit-
ter configuration. This is an additional reason for the
use of the small-signal parameter values on the com-
mon-cmitter basis. The power gain for a transistor am-
plifier in the common-emitter configuration is given by
the equation

| K.K:| = ¥3R1/IL + y:R. + yoRe
+ yayR.Rillyi(l + yR1))
= yyR1/[l + y.Re
+ y:R.(1 4+ yR)lly«1 4 y.BL)]

(2-31)

The corresponding equation for the common-base am-
plifier is

| KJKi| = (y; + 9)'R1/[1 + o(¥)R,
+ YoRr 4 yyR.R L]
lo(y) + yw.RL]

(2-32)

In the common-collector configuration, the equation is

| KK | = (y: + y)?R./1L + y:R. + o(y)R,

+ yaR.Rd (2-33)

i1 T y.R.)]

The numerators for each of these equations are very
nearly equal if R, = R;. For this reason, the control-
ling factor in power gain is the effect of the a(y) term
in the denominators of the common-base and common-
collector equations. With the common-baseequation, a
small value of R, reduces the denominator term to
approximately the same size as the denominator for the
common-emitter equation. A similar analysis shows
that the common-emitter gain is larger than the maxi-
mum gain available with the common-collectorconfig-
uration.

An important remaining problem of concern to the
designer is the determination of the values of the
parameters that have been found of importance in de-
sign when inadequate small-signal data are available.
Even though the data available on transistors are often
more effectivethan those on other active devices, they
frequently prove inadequate when serious design work
is contemplated. A method of making the required
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evaluation of the parameters in terms of orthogonal
and Legendre polynomials is explained briefly in Ap-
pendix C, and is used extensively in some of the later
chapters of this handbook.

2-12 RELATIONS AND CONVERSIONS
OF PARAMETERS

The conversion of small-signal data from one config-
uration to another is a relatively simple process on the
admittance basis, but is somewhat more complicated in
other configurations such as the hybrid arrangement.
Because of the variety of data published by different
manufacturers, it is convenient for the user to have
conversion tables for transforming parameters in one
system among the three configurations, and also to
have substitution tables for converting from one set of
parameters to another.

In each of the conversion tables, the reference config-
uration used in this volume is the grounded-emitter
configuration, because the data provided usually are
adaptable to it. Occasionally the data on transistors
intended for use at very high frequencies are presented
in the common-base form. They are almost never given
under common-collector conditions. The common-
base data may be converted to common-emitterdata by
equating the value of the parameter in terms of the
common-emitter components to the given values and
solving. (A “small difference” problem may result.)

The exact forms of the conversion equations are
given in these tables, the forms as derived from trans-
formation of the basic black-box equations. These
equations can be simplified in many cases, and then
yield the forms that are normally used. This simplifica-
tion in particular is required with the common-base
hybrid parameters.

It is possible, within the limitations derived by Fol-
lingstad, to use combinations of configurations for the
measurements if desired. For example, the input con-
ductance or admittance may be measured in the com-
mon-emitter configuration, and the forward in terms of
the input admittance in the common-base configura-
tion. Similarly, the output admittance may be mea-
sured either in the common-base or the common-emit-
ter configuration because the measurements are
equivalent.

Tables of equivalences, Tables 2-5 through 2-17,
which have been adapted from a set published in Elec-
tronic Design (Ref. 8), provide the reader with a fairly
complete listing of the conversions among the more
commonly used parameters, and are based on the com-
mon-emitter parameters. Table 2-5, which has already
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been given in this chapter as Table 2-3, is repeated here
for completeness,since it is extremely useful.

TABLE 2-5

CONFIGURATION CONVERSION FOR YPARAMETERS

Paramoter C-Emitter C-Base C-Collector
Input ¥ a(y) ¥
Forward vr ~r T ~(w + yp)
Reverse Ur "(yr + ¥e) "(y‘ Vr)
output Yo Yo ‘(y)

e

Mcod. output Yo o) ¥
A factor Yi¥o = Yr¥r Yille — Yr¥r Yile = Yr¥r

where o(y) = yi+yr + ¥ + Vo; Yetto = AY) = yilo — Yrle

TABLE 2-6
CONFIGURATION CONVERSION FOR X PARAMETERS
Parameter C-Emitter C-Base C-Collector
A
Input ¥ oy ks
A, Ak
Forward hy —-[—’;-(l-—hi——(-)] —(1 + k)
Reverse b fa® — b} 1= h)
(k)
he
output ' he Y he
a®)
A factor A(h) >0 (k)

where y(h) = [1 + hy — b + A(W)]; A(R) = hihe — Rsh,

Note that the A factor is not invariant in this case.

TABLE 2-7
CONFIGURATION CONVERSION FOR Z PARAMETERS
Parameter C-Emilter C-Base C-Collscior
Input 5 ) - a(2)
Forward 2 2%~ T —
Reverse 2 5-2 Z — &
Output £, a(z) z,
A factor 25Ty, — 1% A(z) A(z)

where A(z) = 22, — 8/2; o(s) ma ~ 3 — 2z 4 2,

Again, the A factor is invariant.
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TABLE 2-8
CONVERSION FROM NETWORK TO IEEE PARAMETERS

Hybrid Admittance Impedance Conductance
hu = kg yu = ¥ Zn = 2 gu =g
ha = ky Ya = Yy 21 = 2y gn = gr
by = hy Yz = yr 2y =2 gz = gr
hn = h, Y2 = Yo m =2z gn = go
Ye = ho ge = ho
TABLE 2-9

CONVERSION BETWEEN YAND Z PARAMETERS

ZiwY Ytz
% Yo % = 2o
Yile A(z)
— =¥ =2
= YilYe 44 A2)
z,'=:£'=y¢—y" " g—_zr
Yile YrYe A(2)
1 -5
£ = Ye o = A(2)
A(2) = zz, — 22, Yo = =

AWY) = Yo = YsYe = Yilhs

TABLE 2-10
CONVERSION BETWEEN #, ¥, AND ZPARAMETERS

h.'=l=£§z—) h,.=y—;—y"=i
Yi 2o Yy 2o
Yr % 1
'3 v z ho Ye %
TABLE 2-11

CONVERSION BETWEEN 4, Y, AND TEE PARAMETERS

1 1 —y =N
g == — 'm = = —
“Tu h i YiYe h,
Yo A(h) Yo —hr
r == = —— = | — — - —
b ,y‘y‘ hv Te ( . 1 y/ ha
yi+y 14k
ra D e——— O —
yl'yc ho
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TABLE 2-12
CONVERSION OF # PARAMETERS TO R PARAMETERS

Parameter C-Emitter C-Base c-couector
[ 1 - hrc
7, Til' ARy — hn .
ht A(R)e + hye
" ah) = by = =
1t 1—ha —hye
Te ho hob hoc
1—nh 14 kp hes
i ko Iee h“
b th B + s hyo + e
T Re b Poc
TABLE 2-13
CONVERSION FROM R PARAMETERS TO Z PARAMETERS
Parameter C-Emitter C-Base c-couector
Input et et 1 o+ Te
Forward Tet Tm 75 + m 7o
Reverse Te s ra
output Te+ 74 et 1o Te + 74
TABLE 2-14
CONVERSION FROM Z PARAMETERS TO R PARAMETERS
Parameter C-Emitter C-Base C-Collector
Te FA Zp — 2 Zoc — Zro
75 2% — 2 2 Zic — 27
e 2o — 2« Zob — 2fb Zfo
T4 20 — 2% 2 — Zb #ra
Tm & — 2 27 = b Zfo — %o
TABLE 2-15

CONVERSION OF Z PARAMETERS TO Z PARAMETERS

z‘=ih) zl=—}i, z,,a’—l'

1
ho

2o ™=
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1. A, W. Lo, R. O. Endres, J. Zawels, F. D.

TABLE 2-16
MISCELLANEOUS RELATIONS

Yr

a = = —hp ﬂ=g£_=h/

Tyt Yi
% =3 "g{gin’ o= 1 *-gfgm'
[ +g;.wrb' 77 +gfg'.w
¥ —y;/-'rb' = —y;m;:
A +y;."rb' =g +y;/,i'7'b'
TABLE 2-11

RCA (GIACOLETTO) PARAMETERS

Gore = gir gm =gy — gr = gp
Jee = Go Goec = (gc - gO)g‘
gr
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CHAPTER 3

DEVELOPMENT OF INTRINSIC DEVICE THEORY AND
RELATED FUNDAMENTAL LIMITATIONS AND THEIR
MEASUREMENTS

3-0 INTRODUCTION

In this chapter, the representation of the basic four-
pole or two-port network will be developed from funda-
mentals and transformed into a structure consistent
with the physics of solid-state active devices. Based on
this structure and long-established limitations which
apply to active networks, a basic philosophy of design
of networks is developed. which provides the essential
guidelines which can assure that the resulting network
will show a maximum reliability.

3-1 THE BASIC TWO-PORT NETWORK

A general relationship for a two-port network in
terms of undetermined parameters may be derived
which can be transformed into any of the six standard
configurations (several of which are noted in Chapter
2)—the admittance, the impedance, the hybrid, the in-
verse hybrid, and the two ladder-lattice configurations.
The basic relations take the form

= X + R
Q y (1)
v=sx+Ty
where the input and output relations are
- au =
Xg —Qu =« } 52)
y+Aaw="Ty

and
0 R, S T = matrix relations of arbitrary

and independent variables

u, v = arbitrary dependent variables
x, y = arbitrary independent variables
x, = arbitrary source vector
a = arbitrary source parameter
A, = arbitrary single parameter

When Egs. 3-1 are substituted into Eq. 3-2, and rear-
ranged and simplified, the result is

(1 +aQu+RAw = st} (3-3)

aSu + (L + TAp)v = Sx,

These relations may be solved for the usual input and
transfer relations

u/xg =@ +AL(QT — RSI/I(1 + Qa)

X (1+ TAL) —alAgRS] (3-4)

v/xs = S/[(1 +Qx)(1 + TAp) — aALRS)
(3-5)

These two basic relations, which define all input and
transfer relations for the opaque-box two-port network,
may be converted to the more familiar form by a series
of simple substitutions. The resulting equations are
tabulated in Chapters 2 and 4 and in other texts. The
substitutions are:

3-1
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TABLE 3-1

NETWORK VARIABLE RELATIONS

Parameter Admit Imped Hybrid Inv. Hyb. Frwd Lat. Rev Lat.

1% i V; v; i v, v;
v io Vo io Vo iO ll
x V; i i; v v; v,
Y Vo i Yo io ii io
Xy vy iy iy Vg — -
4 Zy Y, Z Y, - -
o Zs Ys Y_,= Zs - -
Q Vi z; h; Ji A’ A
R Y z, h, ir B lé
S Yy Zs hy Ir ¢
T Yo P ho Io D' D

QT-RS Ay Az Ah 4j - -

where the various A functions are defined in terms of
the differencesof two products (QT — RS). The terms
not included in this table are relatively ill-defined, and
generally are not used. Of particular note is the fact
that the admittance and the impedance configurations
can be shown to be adaptable to use with the indefinite
admittance matrix and with the indefinite impedance
matrix, respectively. This fact and the fact that existing
active devices are ones in which across variables con-
trol through variables makes the admittance approach
of prime importance in the material to follow.

The indefinite admittance matrix is of considerable
use in network design because it presents in a conven-
ient tabulated form the data needed for conversion
among common-emitter (C-E), common-base (C-B),
and common-collector (C-C) configurations. This ma-
trix takes the form

e b c

e Oy = (3 +34) = (3 +30)
Y, =b{— (y; +5) Vi Yr
c \— (v +30) ¥y . Yo

(3-6)

where o(y) = y; + v+, + ¥, It isused by delet-
ing the appropriate row and column corresponding to
the reference terminal to provide the parameters in the
configuration in use. In these terms, a general equation
for gain may be written in the general form

Yr=0r= Ayzr)/[l + LyyZy
i
+ Ay(E Z,Zj)]. 3-7

3-2

where Y;is the transfer admittance, v is the appropri-
ate diagonal term of the matrix and Z; is the related
external impedance, and Ay easily can be shown to be
invariant and to take the form

Ay =Y;¥0 = Y

In the numerator of Eq. 3-7, the plus sign applies for
the C-B amplifier, and the minus with the degenerative-
emitter amplifier. The Z, is the total impedance in the
reference circuit. In the C-B amplifier, this is primarily
the base-spreading resistance and, with the degenera-
tive-emitter amplifier, it is the emitter return imped-
ance.

As is shown in Appendix B on topological tech-
niques,. the transfer trees which are part of the transfer
immittance function normally do not have any passive
elements contacting the reference node. The only time
they will include such elements occurs when there is a
superfluous node which is not included in the transfer
tree. The active forward-transfer element of the net-
work and the source-sink elementboth may contact the
reference node, or if the return end of either does not
contact reference, it may be necessary to include a
passive eclement to provide the contact. This is ex-
plained in more detail in Appendix B and also in the
writer's book on Topologicaland Matrix Methods. The
discussion included here only shows why the additional
term is in the numerator of Eq. 3-7.

The topological-matrix procedure for establishing
the overall transfer and driving-point immittances for
fairly general networks including active devices and
nonlinear elements is particularly effective in that it
does not require the rather complex set of rules which
are encountered using the flow-graph procedures, and
it also alleviates problems in establishing signs cor-

(3-8)
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rectly. It further minimizes the number of term cancel-
lations, thereby greatly reducing chances of error.

The polarities which must be selected with voltages
and currents can easily be chosen incorrectly when
standard Kirchhoffs law techniques are used. The
likelihood of a sign error being made in a problem
which is set up topologically is sufficiently reduced that
very substantial advantages may be achieved through
topological analysis. In addition, rather complex prob-
lems can be handled in a systematic way by using the
tree-sectioning procedures described, and the amount
of waste motion resulting is kept to a minimum.

Notes on Thevenin’s and Norton’s Theorems:
Thevenin’sand Norton’s theorems are often used as the
way for establishing a simple model for a transistor in
a circuit, and under situations in which the percentage
bandwidth of the circuit is small (typically 5% or less),
the procedure is eminently successful. Under condi-
tions of large percentage bandwidth, however, it is im-
portant to re-examine the validity of the procedure as
a modeling technique.

If one assumes that the basic network is in fact a
seriecs R-C network, its Norton equivalent may be
found by inversion of the impedance expression into the
appropriate admittance expression. The equations are,
for the impedance Z

Z =R -j/(wC) (3-9)
which then becomes
Y = C’R + jwC)/(1 + w’C’RY (3-10)

In this equation, the conductance term G takes the
form

G = w?C’R/(1 +wiC'RY G-1D

.and clearly, G is only independent of frequency F
[wCR| > 1.
Similarly, he susceptance term & akes the form

B = wC’ = wC/(1 + w*C’R?Y (3-12)

and now, the value of Bis linearly dependent on w only
if [wWCR| < 1, or the inverse condition.

Clearly, the conductance can be independent of w
only when the capacitance is improperly dependent on
o, and vice versa. If the change in values for these

terms is essentially negligible over the frequency range
of operation, these difficulties do not introduce prob-
lems. But for the large percentage-bandwidth applica-
tion, or @ nonlinear application in which strong out-of-
band interference may exist, the only equivalent
network which is realizable or usable is the one whose
geometric configuration coincides with the equivalent
physical structure. The only acceptable alternative is
the use of complete duality, replacing currents with
voltages, resistances with conductances, and induc-
tances with capacitances, etc. The new circuit graph
must also be the complete dual of the original graph.

3-2 THE GENERALIZED SOLID-STATE

EQUATIONS

The basic equations developed for the back-to-back
diodes in representing transistor structures apply with
only minor changes to other transadmittance devices
such as electron tubes and field-effect transistors. The
first step in this generalization is based on considera-
tion of the fundamental Ebers-Moll (E-M) equations
(Egs. 2-16 through 2-21) in a simplified form. The
relations are

I, = Iy + Iy, exp(AVy) + 1y, exp(AVc)}
IC = ICO +Ic1 exp(AVb) +Ic2 eXp(AVc)

(3-13)
where
1, = base current, E-M equations
I. = collector current, E-M
equations
Ly » fws 1y = base current components, E-M
equations
1, L, I, = collector current components,

E-M equations

V, = instantancous plate voltage

V. = instantaneous collector voltage

A q/(kT)
As ordinarily used, the 7., and the /,, terms represent
leakage terms. In practice, however, one can consider
that substantial amounts of output (collector, plate, or
drain) current flow in an active device may be uncon-
trolled as far as the gate (or base or grid) electrode is
concerned. Those currents which are shielded from the
control electrode by layers of current adjacent to exist-
ing “depletion” fields flow under the control of the sink
electrode and essentially are not controlled by the con-
trol electrode. One can imagine that “layers” of this
column of current are successively “peeled off” and
extinguished one-by-one as the depletion field is in-
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creased. Each layer, until it is in the process of being
peeled off, flows devoid of control through the channel.

In this sense, then, at least one additional term may
be combined into the , term in the more general active
device. This additional term is a weak function of both
base and collector voltages in that its magnitude varies
with these voltages even though it represents an uncon-
trolled component of current. In this sense, the second
of Eqs. 3-13 may be rewritten in the form

Iy = Iog0 + Is0q + 1y €Xp(AVY)

+ 1,5 exp(AV,) (3-14)

In Eq. 3-14, the 7, term almost always can be neg-
lected with military-quality components, and the 7,
term is at least less than the I, term. The magnitude
of the I, term may be large compared to any of the
remaining three, however, and it does have at least a
weak dependence on both ¥, and V ,i.e., the variation
in the magnitude of its value is slow with these voltages.

In light of this discussion, the Z,, I, and I, terms
may be grouped together as a new /,.,leading to the
equation

I, =1 + 1, exp(AV,) (3-15)

and it may be solved for the 7, term in the form

Iyexp(AVy) =1, — I+ =1k (3-16)

where the x measures the control efficiency of the con-
trol.voltage in that it determines that percentage of the
total device current which is directly controlled by the
voltage V. For this reason, x may be called the “effi-
ciency factor”.

If Eq. 3-15 is differentiated with respect to ¥, one
gets the result

oI,/ 9V, = AL, exp(AV,) (3-17)

Substituting into this equation from Eq. 3-16 then gives

91,/ 9Vy = kAL, = yg (3-18)

showing that the efficiency factor is indeed important
in the small-signal design of active circuits. In fact, this
factor is of outstanding importance in the design of
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circuits for handling large blocks of power in tuned
circuits. It is discussed further in the paragraphs on
limitations applicable to reliable design in later para-
graphs of this chapter.

Some notes on typical values for the efficiency factor
for typical devices are in order. At very small values of
device current, but substantially above the leakage lev-
els, this factor may have a near-unity value with both
electron tubes and field-effect transistors. (It has a
value near unity with bipolar transistors under these
conditions as well.) This condition exists because the
thickness of the Debye region is roughly equal to the
half-width of the channel through which the current is
flowing, and as a result almost all of the current is
controlled fully.

With electron tubes, this mode of operation was
called the “starved mode” of operation. It was ex-
ploited by one manufacturer of electronic instruments
in the early 1950’s, and apparently was reasonably suc-
cessful provided the tubes used were selected with suffi-
cient care to assure that leakage currents were minimal.
The tubes were used under voltage and current condi-
tions for which no effort was made to assure compli-
ance with what is called “bogey” characteristics. As a
result, one could not be sure how many tubes he would
have to try to get one which worked properly. Fortu-
nately, failure rates were fantastically low for tubes
used in this way!

Field-effect devices were found to have operating
regions in which the x factor could have values ap-
proaching unity (for junction, or DIFET, devices) or
one-half for insulated-gate (or MISFET) devices.*It is
believed that the lack of symmetry accounts for the
reduced values which can be obtained with insulated-
gate devices, although to date no analytical proof has
been seen by the writer. The value of x approaching
unity with DIFET devices typically is observed over as
many as five orders of magnitude of current.

The correction for high-injection conditions for bipo-
lar transistors has been noted in the series of publica-
tions of the SEMICONDUCTOR ELECTRONICS
EDUCATION COMMITTEE among other places,
and is derived in Volume 4 of that series. This correc-
tion exists as a result of the variation of the density of
the majority carriers between the active base-emitter
junction and the external base connection. This varia-
tion creates an electric field which increases the re-
quired base voltage applied to PNP devices, and de-

*Evans and Pullen, “Letter to the Editor”, Proc /IEEE, Jan.
1966. F. Zieber, Final Report, Design and Development o Radia-
tion Hardened Field-Effect Transistors, Contract DA-04-200-
AMC-725(X), 1966.
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creases that required for NPN devices. In fact, the net
voltage V- at the device junction can be expressed in
terms of the equation

(
Vep = Vin + ols (3-19)

where ¢, is the barrier potential across the graded
charge distribution, Vg g’ is the terminal potential after
subtraction of ohmic losses, and ¥} is base terminal
voltage. When account is taken of the potential ¢ ,,, in
terms of charge densities and diffusion rates, the value
of V‘{E!jB is found to be

Ve = Vgge/(L + m) (3-20)

where m is defined in terms of drift velocities for holes
and electrons in the base region. Eq. 3-20 then is sub-
stituted for ¥, in Eq. 3-14

Ic = Icoo + IcOi + ICI exp[AVBEO/(]. + m)]

+ I exp(AV,) (3-21)
Technically, the [AVgg(1 t m)] factor may require
inclusion in the I, term for small values of ¥,; since,
however, A" = 0.026 V, approximately, if the value
of ¥, exceeds 0.5 V, the correction usually can be neg-
lected.) The change this makes in the forward admit-
tance equation is small, i.e.,

81,/ 8V, = AI/(1 +m) (3-22)

The maximum magnitude for the value of m in ger-
manium is 0.35; for silicon, 0.45.

Strictly, there is a component of 7, which should be
included in Eq. 3-22 as a consequence of the presence
of the voltage from Eq. 3-20 as a component of ¥, but
since I, is so very much smaller than 7, with most
transistor devices, it generally is neglected. To be pre-
cise in the analysis, it is necessary to recognize that the
voltage ¥, is really ¥ -y, and it takes the form:

VCB = VCE - VBE'/(]- + m) (3'23)

The changes in Vg, usually are small compared to
those in V.

It is evident from these equations that more data of
a practical nature on such parameters as k and m are

required in circuit design. These parameters are func-
tions of device current in particular. This writer has yet
to see data on either of these factors on any device on
any data sheet.

The effects of spreading resistances have been ig-
nored so far in the discussion. In any practical situa-
tion, it is essential that they be taken into account, since
they have important influence on both the frequency
response and on circuit behavior in general. In addi-
tion, the effect of each of the spreading resistances is
different.

The primary effect of base-spreadingimpedance s to
limit the control efficiency which can be obtained at the
base. A significant part of the applied signal voltage
incident on the base terminal for a transistor may be
lost across this impedance, and the amount is a func-
tion of base current and operating frequency. The volt-
age division effect can be minimized by operating the
device in a current-drive mode, but the variable losses
as a function of current and frequency which are at
least reasonably well defined are replaced by a variable
current gain which is ill-defined at best.

Base-spreading resistance present in an amplifier in
the voltage-gain configuration can introduce a fre-
quency break-point into the response of an amplifier
which can be ignored if the device is used as a current
amplifier. The approximate defining equation for this
break-point is

wCyrys = 1 (3-24)

and the approximate equation for the usual 8 break-
point is defined by the equation

wC;/gir = 1 (3-25)

where g;. is the conductive component of the intrinsic
input admittance, and C; the capacitive component. Eq.
3-25 is the one which always applies, both under volt-
age and current-source conditions, and Eq. 3-24 applies
under voltage-source conditions.

The input admittance in the common-base configu-
ration includes a much larger value of input conduc-
tance, namely, o(g), which is equal to, g + gfl +
18,1+ g, of the admittance four-pole. Under these con-
ditions, Eq. 3-24 has little influence on circuit gain as
a function of frequency, and in Eq. 3-25, the conduc-
tance term is replaced by o(g), leading to a much
higher comer frequency. This is one of the reasons that
the use of the common-base configuration is to be pre-
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ferred at high operating frequencies when transformer
or inductive coupling can be used.

Emitter-spreading resistance has the same effect on a
circuit as an emitter-degenerationresistance, and limits
the effective transconductance which can be developed
in the overall circuit. Emitter degeneration can be very
useful as an adjunct in circuit design, because it makes
linearization and stabilization possible. Circuits are
surprisingly sensitive to this resistance, as can be
recognized from the inequality

o(9)Z, = kAL, Z, =< 0.1 (3-26)

where the k takes the form (1 + m)~" for the bipolar
transistor, Z,is the emitter current, and Z, is the emitter
impedance. This equation may be approximated, for
transistors having large values of 8, in the form:

vgZy = kAl Z, = 0.1 (3-26a)

which is close enough for most applications. Its use is
discussed in later chapters.

Collector-spreading resistance introduces problems
primarily through its contribution to increasing the
output load impedance of an amplifier, thereby increas-
ing the overall voltage gain and increasing the possibili-
ties of circuit instability. In practical situations, the
voltage gain developed across the output-spreading re-
sistance should be limited to whichever is smaller of
either unity or approximately 0.2 times the voltage gain
of the circuit neglecting the spreading resistance. The
corresponding equation for gain for the unity-max-
imum case is:

kAl 7. =1

(3-27)

where again the k-factor is a function of the m parame-
ter.

3-3 FUNDAMENTAL DESIGN

LIMITATIONS

The developments which took place in electronics
and radar during World War II brought out a variety
of relations that have seen little use in the civilian mar-
ket, and many of them have not been readily available
to either students or practicing designers. Since these
relations are important to designers of military equip-
ment in particular, they are developed in considerable

3-6

detail in the paragraphs that follow. The resulting con-
cepts then can be readily applied to circuits by the
design procedures described in the remainder of this
handbook, leading to substantial improvement in relia-
bility.

3-3.1 THE VOLTAGE GAIN LIMITATION

The development of radar brought with it the need
to be able to amplify very weak signalsin the presence
of strong ones, and for the first time made the question
of stability and freedom from ringing a prime consider-
ation in tuned amplifiers. These tuned amplifiers fre-
quently were required to have voltage amplificationsas
great as a million overall, with no change in operating
frequency permitted.

The basic criterion which must be satisfied, both for
each individual amplifier stage and for the amplifier as
a whole, is that the loop amplification of individual
clements as well as of the assembled groups of elements
must be rigidly limited to assure that stability will not
be impaired. This stability problem is essentially a
phase-sum problem. If an input voltage is applied to the
amplifier or stage in question, then the voltage returned
through feedback to be summed into the input voltage
is the product of this voltage by the amplification
“around the loop” from input back to input

KL = KD X Kf (3-28)

where K, is the forward voltage amplification to the
output, and X is the feedback “amplification” from the
output back to the input on an open-loop basis. The
modified forward amplification K. then takes the
form:

K, = K,/(1 — KK (3-29)
and the phasor term (1 — K,K) determines boththe
variation of the signal amplitude and the signal phase.

Clearly, one of the requirements of any amplifier to
which Eq. 3-28 applies is that |K K, must be small
compared to unity, or a potentially unstable situation
can develop. In addition, significant phase shift in the
output circuit compared to the input can occur even
with relatively small values of K K _,-I, values as small as
0.1 or 0.2, for example. In such a situation, as much as
5-to 10-degphase discrepancy per stage can be encoun-
tered.

Where phase stability is of prime importance, it is
evident that values of K K| should be less than 0.01 if
at all possible, as then there is reasonable chance that
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the cumulative phase angle discrepancy in a system
may be limited to a fraction of a radian. The design of
an amplifier meeting this limitation can be both dif-
ficult and painstaking, and the mechanical realization
of the calculated design can be even more difficult. The
design techniques described in later paragraphs of this
handbook offer possibly one of the best ways of achiev-
ing the required results.

Early radar experience quickly showed that the limit
on per-stage gain X, for achieving amplitude and phase
stability with minimum to modest ringing proved to be
approximately 10. (It is apparently possible to get de-
vice gains of 100 with common-grid or common-base
circuits, but the required impedance transformation re-
quired to match the input circuit for the succeeding
amplifier typically reduces the overall stage gain back
to approximately 10.) This means that the maximum
permittedvalue for K, is approximately 0.01 to 0.02, for
a power isolation possibly as much as 40 dB. Where
phase stability is of primary importance, the maximum
permitted value for K, is nearer 0.001 than 0.01.

Evidently, it is very important to control and restrain
the circulation of carrier-frequency currents through-
out any multistage amplifier, since if five stages overall
are involved, the isolation from output back to input
must be about 0.01° or 107~ This is the reason that
radar TF amplifiers were designed to be provided power
in the vicinity of the middle stage, and R-Cdecoupling
was'used in both directions for supply voltages, and
L-C decoupling for heater currents. All voltage feed
points were in addition individually bypassed, and
grounds grouped within the channel in such a way as
to prevent circulation of carrier-frequency currents in
the channel.

Clearly, there is really nothing magic about the value
of X, of 10. The magic number, if one exists, is in fact
the “‘invariant” K, X K, whose value must be suffi-
ciently small to limit the phase and amplitude excur-
sions in the signal. This is the basic stability criterion.
But there definitely is an upper limit on the value of
K, at least in a practical way, since there is a lower
practical limit on how small X;can be made success-
fully in production-type equipment. The internal stage
voltage gain from input to output on control-separation
amplifiers can be significantly higher, since the input
admittances for these devices are sufficiently high that
the return feedback gain is severely reduced thereby.

This limitation on voltage gain has very interesting
consequences, particularly in design for reliable opera-
tion. It may be developed in terms of Eq. 3-18, which
expresses the intrinsic transadmittance

K,==ypZy=—«Al,Z, (3-30)

In this equation, it is evident that /. Z, represents a
value of a voltage, namely, the instantancous voltage
across the load impedance Z;.

It is possible to relate the voltage /, Z; to the mini-
mum possible supply voltage ¥, which can be used
with the ideal device in question to produce the re-
quired operating characteristics. The minimum supply
voltage may then be defined in terms of the equation

I.Zp = = knVq 3-3D

where 7 is a parameter which relates the output load
voltage to the supply voltage. 1 normally has a value
between 0.2 and 1.0. Substituting Eq. 3-31 in Eq. 3-29
gives the result:

Kv == K?]A.Vcc (3-32)

This equation may be solved for the minimum supply
voltage V.. (neglecting saturation voltage) for a device
in a circuit to give

| Veel = 1K1 (nA)™t + V,gge (3-33)

In Eq. 3-33, the value of x ranges between roughly
0.0001 and 2.0, typical values of m are less than unity,
and ¥V, is the maximum saturation voltage. As a re-
sult, with bipolar transistors, the minimum value of
supply voltage required for a circuit can be expected to
be roughly a twentieth of the voltage gain. This means
that the range of required supply voltage is between 0.5
and 10V, the lower voltage limit applying to the com-
mon-emitter configuration, and the higher to the com-
mon-base configuration.

The significance of this relation cannot be overem-
phasized ecasily. The properties of the device and its
associated circuitry are controlled largely by the cur-
rent level selected for operation, and there is little point
to selecting a supply voltage for the output circuit
which is more than marginally greater than given by Eq.
3-33. Selection of a higher voltage leads either to excessive
power dissipation, excessive gain with its inherent in-
stability, or combinationsof these conditions. In short,
the selected supply voltage should be as small as
possible consistent with the demands on the circuit.

This discussion should not be implied necessarily to
mean that the base supply voltage provided for base
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bias current and voltage necessarily can be as small as
that for the collector. Since crude stabilization of cir-
cuits-is frequently obtained by controlling the base cur-
rent in a transistor, the supply voltage provided for this
function must be sufficiently large to assure that an
adequate constancy of current level can be achieved.
This and this alone is the justification for use of a large
voltage, yet the current requirement for these circuits
is sufficiently small that a substantial decrease in power
dissipation and a substantial improvement in reliability
could be achieved through the use of separate power
sources for these two functions. In comparison, then,
one source of high current and low voltage is required,
and one of higher voltage but substantially smaller cur-
rent also is required. Using a common source for both
clearly Ieads to the worst features of each!

3-3.2 CURRENT GAIN LIMITATION

CONSIDERATIONS

The voltage gain limitation is electrostatic, or
charge-control, in nature. It is particularly important
with transadmittance devices, which tend to have a
relatively high input impedance and tend to become
regenerative by passing through a zero-admittance (in-
finite impedance) condition. It is important further be-
cause it has the smallest rate of decay with distance of
known static fields.

The network dual of the voltage gain limitation is the
current gain limitation. It is technically possible for this
also to be critical, but at present its consequences are
much less severe than its dual. Probably the principal
reason for this is the rapidity of decay of magnetic fields
associated with currents. Additional reasons are the
dependence on rate-of-change of current, since only
changing fields create voltage and currents, and the
nonexistence of true trans-impedance devices.

The control of magnetic ficlds proves to be one of
control of fluctuating currents. The more that can be
done to keep current fluctuations isolated and out of
wires and shielding structures, the more freedom there
isfrom coupling currents and fields. Size of loops carry-
ing fluctuating currents should be kept to an absolute
minimum unless the inductive properties of the loop
are essential to the operation at hand. Even then, the
loop or coil should be so designed and so installed that
it generates its field efficiently, so that an adequate
quality factor, or @, is obtained, and so that coupled
fields and circulatng currents induced and generated by
the field are limited to regions where they are required
and otherwise kept to a practical minimum.

3-8

3-4 RELATION OF THE «-FACTOR TO
POWER CAPABILITY

The k-factor is of much greater importance than
might scem the case on casual examination. If one
examines the voltage gain equation, Eq. 3-30, one notes
that when solved for Z; it gives

Zy =K,/ (kAL 1) (3-34)

Eq. 3-34 shows that the load-circuit impedance Z; is an
inverse function of x, and it also shows that for high
values of k and I.. the required level of Z; can become
unbearably small. In fact, it is so low that serious prob-
lems can be encountered in matching to even 50-ohm
cable. The problems of building reliable power amplifi-
ers at even the level of 50 W per device can become very
difficult. And soit is that the long-predicted transistors
capable of developing more than 50 W per device in a
tuned amplifier are largely still predicted!

The importance of k can be clearly recognized from
a re-examination of Egs. 3-33 and 3-34 and comparing
them with Eq. 3-37:

| Vee | = 1 K, | (knA)™ (3-35)
Zy =K, /(AL 1)! (3-36)
Wy | Vool 12, mag | (3-37)

where |1, .1 is the peak magnitude of the device
current and W, is power input. Since the magnitude of
Voo is inversely proportional to k, and the impedance
level is also, for any 1/, .|, power output capabilities
are inversely proportional to k as well.

Typical peak current levels for all kinds of solid-state
active devices cluster around 10 A at the present stage
of development. Even the most sophisticated transistor
suitable for RF operation apparently has a peak current
rating of about 20 to 25 A, and high-power ¢lectron
tubes typically have similar ratings. (Some special su-
per-high-power .tubes do have substantially higher
power and current ratings, however.) As a conse-
quence, for a kilowatt per device to be practical, a value
of V. significantly in excess of 100V is indicated, and
a maximum value for « less than 0.02 is essential. Such
a value is readily attainable with electron tubes and
with field-effect devices. As a result, power electron
tubes and/or field-effectdevices probably both will be
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around for some time to come. And electron tubes can
be expected to keep their corner on very-high-power
applications even longer still, although they may be
replaced eventually by completely new kinds of devices.

The bipolar transistor will continue to be effective as
a power switch for turning large blocks of power on or
off, as it is usually possible to design switchingcircuits
so that regeneration and ringing during switching are
extinguished in either the cut-off or the saturation
modes which normally follow the switching interval.

3-5 ELECTRON TUBE APPLICATION

CONSIDERATIONS

The previous discussion shows both that electron
tubes can be expected to “be around” for a while yet,
and also that they have a military significance. They do
in addition have some unique features which are
worthy of recounting at this point, because the proper-
ties in question give them particular versatility, and
also because there are no documents which are in print
and readily available which give a meaningful discus-
sion of these properties. A fuller discussion can be
found in Conductance Design < Active Circuits which
is out of print but may still be found in some engineer-
ing libraries. Typical triode and pentode curves provid-
ing for design of tube circuits having minimum power
dissipation are shown in Appendix H, and in par. 3-7.5
on mixer design, for a multigrid mixer tube (Figs. 3-1,
3-2(A), and 3-2(B)).

The discussion that follows will be divided into sub-
paragraphs based on general classes; i.e., triodes, tet-
rodes, pentodes. Each subparagraph starts with a brief
discussion of the behavior of the class of devices as
compared to bipolar or FET devices, and it is continued
with a discussion of the unique properties of particular
interest to the circuit designer. Where it is appropriate,
a brief discussion of the ways the characteristics of the
device can be expressed meaningfully is included. Un-
fortunately, with all classes of active devices, there is a
tendency for device makers to overlook the problems of
device application in terms of their basic parameters.
These notes may help users devise their own characteri-
zation data for solving similar kinds of problems.

3-5.1 TRIODE TUBES

Triode tubes have a considerable resemblance to
field-effect transistors in that the grid serves as a series
of gates, controlling the current flow being channeled
from cathode (source) to plate (drain). Since the carri-
ers are “boiled out” of the cathode structure by the heat

. Vgg = Vg + Ve

suppliedby the heater, a cloud of carriers forms behind
the grid, and a current flow of magnitude dependent on
grid and plate voltages results.

Triode tubes tend to have rather large values of out-
put conductance (g, or ¥,) as a result of the field distri-
butions between grid and plate, and the fact that the
plate behaves as a diode with respect to the channel
sections between grid wires through which current
flows. Typically, plate current increases at a slowerrate
with plate voltage than it does with grid voltage; the
ratio of the rate of change with grid voltage to that with
plate voltage commonly is called the amplificationfac-
tor for the triode. The typical range of values for this
ratio is between 2 and 125.

The amplification factor, or u, of a triode tube was
{ong considered to be a fundamental parameter of tube
behavior. It was convenient, because, like B, its value
was apparently slow-varying. But, like B, it is ill-
defined from device to device, since its value is a func-
tion of the poorly stabilized plate conductance parame-
ter. The transconductance parameter, on the other
band, is a function of a slowly changing k, which does

“not vary greatly from device to device, in addition to
~the Fermi parameter and the device (plate) current.

Examination of the characteristic curves for triode
tubes shows that plate current rises rapidly with plate
voltage. In fact, power increases at the approximately
2.5 power of plate voltage for constant grid bias. At
constant plate voltage, however, power is linear with
plate current. Clearly, the preferred mode of operation
is with minimum plate supply voltage which will per-
mit the development of the required plate current. The
equation for the required plate-supply voltage may be
obtained from modification of Eq. 3-33:

(3-38)

where Vp, is the plate voltage at the required plate
current with the grid bias at essentially zero volts at the
zero bias contour, and the value of V. used may ne-

.glect the ¥V, term since it will be small compared to

the first term on the right in Eq. 3-33.

Typically, the supply voltage is increased by approxi-
mately 10to 20% to allow for variations due to differ-
ences in plate conductance from tube to tube and to
allow for the contact potential normally encountered in
the tube. (This is the reason the carlier statement says
“orid bias is essentially zero volts”, not exactly zero
volts.) Contact potential developed on the grid of a tube
may vary between as little as 0.3 V negative and ap-
proximately 2 V negative, depending on device design
and cathode temperature.

39
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The difficulties in the use of amplification factor as
a design parameter are recognized readily if one notes
that each of the following tubes has the same nominal
value of u:

Tube Type  Typical zero-biasgP Corresponding I,
12AU7 177 13 mA
6J5/6SN7 220 13mA
12RH7 340 27 mA
5687 613 33 mA

In each instance, the typical values of g, and Z, corre-
spond to those for approximately half-rated power dis-
sipation. These conditions occur at about 100 V on the

plate for the 12AU7 and the 6J5/2SN7 tubes and at
about 70 V for the other two.

This discussion leads one rather directly to an impor-
tant deduction about triode characteristic curves for
tubes; they ignore important relations for the devices.
An examination of the variation of p with operating
conditions shows that it is not cither a constant for a
given sample tube nor is it repeatable from sample to
sample for a given tube type. On the other hand, the,
value of transconductance does present a repeatable set
of contours as a function of I, and ¥, from tube sample
to tube sample, and as a result presents a sound basis
both for efficient design and for reliable operation of
the device in its circuit.
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Fig. 3-1. Plate Characteristic Curves, Tuoe!6BQ7A
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Fig. 3-2(A). Screen Characteristics Curves, Tube 6BE6(1)
35.2 TETRODE AND PENTODE TUBES The k parameter here carries a subscript because both

Tetrode and pentode tubes have electrical character-
istics which in many ways parallel those of triodes, but
they have some significantly different characteristics as
well. As with the generalized active device, the
transconductances g,,,; from control-grid to plate with
tetrodes and pentrodes are defined in terms of the «
equation (Eq. 3-18), which takes the form

8mi = K1 AL (3-39)

the control grid and the screen grid voltages control
plate current, and as a result may have transconduc-
tance efficiency factors. For the screen-to-plate
transconductance, the equation takes the form

gm2 = kg AT, (3-40)

and the values of the two x's will differ substantially.
In fact, the so-called screen grid p for these tubes can
be defined in terms of the ratio of the two k’s
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Mg = Ky/Ky (3-41)

Typically, the range of values of p,, is roughly from
approximately 2 to possibly 50 or more.

Eqgs. 3-39 and 3-40 indicate that whereas the plate
currents for tetrodes and pentodes, as with triodes, vary
substantially with operating voltages, the values of
transconductances are defined essentially by plate cur-
rent. With tetrodes and pentodes, however, the values
of the plate conductances under normal operating con-
ditions are very, very small compared to both g,, and
Z.»- As a result, static curves for these devices should
be based on the variables /,, V., ,and V,,, and not on
V. Once static curves are plotted on the revised basis,
and contours of constant ¥, and g,, as a minimum
plotted as a function of /,and V', under conditions that
a constant ratio of ¥V, / V, is maintained, the resulting
set of curves proves to be almost ideal for the design of
circuits based on the criteria of minimum stress and
minimum power dissipation. Correction curves can be
used for adjusting the current levels and transconduc-
tance levels for different ratios of plate-to-screen volt-
age.
A study of power output relations for power tetrode
and pentode amplifiers shows an interesting result. As
the screen voltage ¥V, is increased from zero, with a
constant supply voltage ¥, ,, the power output capacity
of the amplifier increases at first, but then it levels, so
that further increases of screen voltage provide nofur-
ther increase in output power. Since the input power
increases as the 2.5 power of screen voltage, however,
the only consequence of further increase of screen volt-
age above the critical value is a rapid increase of dissi-
pation, and a rising tendency for self-destruction of
circuit components.

This concept of the use of minimum screen voltage
has not been used largely because the characteristic
curves for tetrodes and pentodes are plotted as a func-
tion of f, and ¥, for usually a single fixed value of
V.,, and the designer, even if he is aware of the impor-
tance of correct selection of screen voltage, has no satis-
factory way of making the proper design adjustments
for selecting the proper voltage. Rather than attempt-
ing to correct the basic design data deficiencies, the
approach chosen by device makers has been to attempt
to build “better” devices. The writer has seen many
power amplifier circuits in which the screen voltage

applied was from 1.5 times to several times that re-
quired, and it sometimes was as much as 1.5 to 2 times
manufacturer’s peak rated values!

If reduction of screen voltage does cause a degrada-
tion of design characteristics, a tube (or other active
device) having a higher value for g,,, should be selected,
not higher supply and operating voltages as apparently
is the normal procedure. The penalties of the voltage
exponent law are just too severe to risk careless in-
creases in the selected supply voltage.

With frequency multipliers (of the tuned harmonic
type), the results of increase of screen voltage are even
more dramatic and startling. Initially, power output
increases as the screen voltage is increased from zero.
The output levels off shortly, at roughly the point
where the peak conduction angle equals a half cycle of
the output wave, then power output drops steadily as the
current flow damps the tuned output circuit. As before,
power input rises catastrophically, and the tube soon
can’t take it!

3-5.3 MULTIGRID TUBES

Applications are frequently encountered in which
more than one independent point of control is required
for mixing signals into a combined output. This func-
tion normally is accomplished by the use of multigrid
tubes which have between three and six internal grids.
Typically there are two control grids which are used for
injecting the two signals. These grids are separated by
one or more shield grids (screen grids) to minimize
capacitive coupling and to provide final acceleration of
the electron stream toward the plate.

These tubes are devices in which the principal func-
tion is the variation of the transconductance from one
grid to plate by variation of the voltage applied to the
second. The range in variation is a strong function of
the screen voltage as is the case with any conventional
tetrode or pentode tube.

The variation of the transconductance is obtained
primarily by current diversion with the typical multi-
grid tube. The current may either be diverted at the
first control grid, as is the case when the local oscillator
signal in a frequency conversion is introduced at this
point, or it may be diverted to the screen as a result of
the bias on the second control grid.
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It is interesting to note that the point of injection of
the high-amplitude converter signal has a significant
effect on both the conversion efficiency for the tube and
also on the total power dissipation. Applying the con-
verter signal on the first control grid leads to a substan-
tial reduction of the average cathode current and leads
to a substantial reduction of total input power com-
pared to applying the converter signal on the second
control grid. At the same time, however, the conversion
efficiency is reduced when the converter signal is ap-
plied to the first control grid. As a result, a critical
trade-off must be made, one which often is accom-
plished best by reduction of screen voltage.

The noise generated in multigrid tubes is primarily
a function of plate current and current division between
screen and plate. It is not directly dependent on trans-
conductance (other than through the dependence of
transconductance on space current). As a consequence,
it is of considerable importance to the user to know
how to obtain both a maximum transconductance per
unit current, and also a maximum change of transcon-
ductance for a given maximum current. None of these
relations can be expressed in tractible form in terms of
any control-grid bias value.

It is, in fact, very helpful to have screen characteris-
tic curves similar to those found most helpful for pen-
tode tubes in determination of the proper operating
environment for a converter tube. It is also important
to have curves which show the variation of transcon-
ductance on one control grid with variation of bias on
the other, with the coordinate system based again on
screen voltage and plate current. The only source of
these curves known to the author is his Conductance
Curye Design Manual (Ref. 1) and Fig. 3-2.

Conversion action in any kind of a conversion device
is dependent on the manner of variation of either con-
ductance or transconductance (or possibly variation of
resistance or transresistance in yet unbuilt devices) as
a function of the control signal bias. The conversion
properties may be developed either in terms of a power-
series expansion on the nonlinear characteristics of the
active device, or an orthogonal-series expansion in
similar format. The procedure for doing the latter is
described in Appendix C. The orthogonal-series expan-
sion in terms of Legendre polynomials is really a re-
grouping of the standard power-series expansion in a
form which gives independence of different-order har-
monic components. Ideally, the normal mixer action is
based on the square-law, or second-order, term, and the
equation normally used for determination of conver-
sion gain is based on an assumption of predominance
of the square-law term
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K. = 0.25(gmmax — gmmin)ZL/

(gmmax +8m min) (3-42)

where Z, is the tuned impedance of the load circuit at
the output frequency.

Examination of typical curves on mixer or multigrid
tubes shows that as the screen voltage is increased from
zero, the available maximum transconductance at zero
bias at first increases rapidly, and then levels off to a
relatively slowly changing number regardless of either
screen voltage or plate current. This leveling or trans-
conductance occurs at a screen voltage substantially
less than the recommended operating voltage for the
device. As a matter of fact, calculations of element
dissipations made at the recommended screen voltage
value usually indicate that the device will exceed its
dissipation rating if the conversion signal voltage either
decreases substantially or fails.

A study of typical curves on these tubes, Fig. 3-3,
indicates that for best signal-to-noise ratio, the input
signal should be applied on the number one control
grid, and the local oscillator or switching signal to the
second control grid. This arrangement leads to a maxi-
mum value of effective x and a minimum noise figure,
but it also leads to maximum total dissipation at the
given screen voltage. The screen voltage chosen should
be that which defines the point at which x begins its
sharp decrease with increased screen voltage.

3-5.4 POWER APPLICATION

CONSIDERATIONS

One of the consequences of the discussion of the
basic limitations in par. 3-2 is that in order to get
substantial blocs of power from any amplifier operating
under reasonable input and output matching condi-
tions, it is essential that the active devices used have
k-values which are substantially less than unity. At the
present state of development of solid-state technology,
this means that high-power amplifiers must be based
generally on electron-tube devices such as multiele-
ment tubes, klystrons, and traveling-wave tubes. Varac-
ter diodes can be used effectively in the intermediate
power range as signal up-converters, and eventually
other solid-state devices capable of producing inter-
mediate amounts of power at least undoubtedly will be
developed. But they can be expected to be specialized
devices or devices having k-values which are substan-
tially less than unity. Clearly, field-effect transistors
have a significant potential in at least the intermediate-
power range, and they eventually may prove capable of
developing fairly substantial amounts of power.
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3-6 CRITERIA FOR RELIABILITY

Design for reliability requires the coordination of a
wide variety of properties and characteristics for com-
ponents, both mechanical and electronic. It is of par-
ticular importance that static and small-signal electri-
cal characteristics be coordinated properly, since lack
of coordination is one of the important causes of poor
reliability .

Normally, a study of reliability is a negative sort of
operation in that it is approached through examination
and control of the causes of nonreliability, or low relia-
bility. As has been noted in earlier paragraphs in this
chapter, however, it is possible to take a positive ap-
proach on important facets of the problem based on the
discussion in par. 3-4. One of the key differences which
makes possible the use of a positive approach is the
proper use of the techniques of information engineering
in the development of characterization criteria.

Probably the first and prime step in the establish-
ment of reliability criteria is the establishment of the
boundaries which represent the limitations on the con-
trolled characteristics for the component or device in
question. Some of the limitations are commonly
known: breakdown voltage, power dissipation limita-
tion, current-density limitations, and similar factors.
Many, however, are either poorly known, or possibly
not known at all. Often it is these factors which cause
difficulties in circuits.

The ultimate limit in reliability is achieved when
failures are truly random and completely unpredicta-
ble. Superficially, this would seem to indicate that the
failure rate for all components should be equal under
the normal range of operating conditions. Practically,
however, it is impossible to achieve a system in which
the failure rate for all parts is identical, and a different
criterion must be selected.

If one examines the behavior of components in sys-
tems, one finds that there normally is a region of opera-
tion in which failures are rare or unlikely, but when
operating conditions reach a possibly undefinablelevel,
the probability of failure rises substantially. Con-
versely, with any given configuration, improvementsin
reliability as a result of redesign may be easy to obtain
to a certain level of improvement, and then become
progressively more difficult to obtain.

Improvement of reliability in terms of these criteria
generally makes more sense than either attempting to
attain an excessively high value for all components or
being satisfied with an excessively small value based on
the poor reliability of the few components. Limitation
of collector supply voltage to the minimum which per-
mits the devices to perform as required provides a very
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economical way of improving the reliability of a given
circuit. Typically, this may require that the collector
and the base supply voltages be provided from separate
sources, with the base supply providing a substantially
higher voltage but at a sharply reduced current level.
The voltage level required for the base supply will be
about the same as is used normally for the entire cir-
cuit.

The optimization of the reliability of a system on a
circuit-by-circuit basis might appear to be an exces-
sively time-consumingand difficult problem. Actually,
however, such need not be the case, since it is entirely
practical to test at the design stage (on paper) the ef-
fects of voltage reduction on circuit performance. Since
it isnecessary to limit voltage gain for reasons of circuit
stability, proceeding in this manner might lead to an
occasional additional amplifier circuit but it should at
the same time lead to substantially reduced power con-
sumption and substantially reduced cooling problems.
Both of these are important criteria for reliability.

There are other important criteria affecting reliabil-
ity. For example, the problem of keeping dust, dirt, and
moisture out of a set of equipment is relatively simple
if the proper filters are used and the air pressure within
the operating unit is maintained at a value greater than
ambient. These requirements almost would appear to
be so obvious that they would be trivial but, unfortu-
nately, such is not the case.

The air which is circulated through equipment for
cooling purposes should be introduced into the equip-
ment chambers directly as it leaves the cleaning, mix-
ing, and distributing network. It should not be intro-
duced through a mixing chamber which is open to dust,
moisture, and diversion (as would be the case if the
interior of a shelter were used as the mixing chamber).

Introduction of the cooling air at an elevated pres-
sure assures that all air leakage taking place is out of
the instrumentation. This assures that dust cannot
casily slip in through cracks, and it thereby reduces the
difficulty of assuring a tight seal on the compartment.
The positive pressure differential also minimizes the
leakage of moist air back into the compartment after
the power has been turned off.

The air should be forced through the required filters
by fans which are so placed that air leakage into the
compartment around the fan is minimized. Fairly tight
filters can be used if proper drive fans are available,
whereas otherwise, inadequate filtering or inadequate
cooling must be accepted.

Equipment must be designed to operate reliably un-
der the most adverse conditions it can be expected to
encounter during normal use. For example, in an air-
craft which may be parked in the direct sun on a ramp,
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it can well be that in the tropics the internal equipment
temperature may approach the boiling point of water.
One of the most important design problems which must
be solved with such equipmentis finding ways of assur-
ing that such equipment can be ground-tested without
it failing because of the adverse environment. Circulat-
ing fans which will cool the equipment down, along
with some kind of “vestigial” air conditioning equip-
ment, must then be provided which will provide the
requisite cooling. And protection must be available to
prevent the equipment from being activated until ade-
quate cooling has been achieved.

It is not possible to discuss all of the possible criteria
which require considerationin order to maximize relia-
bility at minimum overall cost. The previous para-
graphs discuss some of the more severe problems the
author has encountered, and the reader should be able
to extend the list based on his own experience.

3-7 INFORMATION ENGINEERING

One of the ideas which has of necessity required
considerable attention in this chapter has been the idea
of information engineering. (This term is defined in
Appendix H, and the subject is discussed in greater
detail there.) The development of knowledge on the
limitations to the capabilities of active devices has of
necessity required an examination of the relative im-
portance of the different kinds of information available
on‘different devices in order to determine what should
be specified for characterizing the respective devices.
Only through doing this can one maximize the chance
of assuring any kind of reliability, let alone one which
approaches that which should be readily available.

One view which the reader may have drawn from the
discussion in this chapter is that the information which
is provided with active devices frequently differs sub-
stantially from that which defines the simplest and
most direct determination of reliable circuit configura-
tions. The summaries in this paragraph are for this
reason included to emphasize at least one way in which
the required data may be organized to assure better
opportunities for the development of higher assured
reliability at the design stage.

As has been pointed out by Frosch (Ref. 2), it is not
always essential that @/ parts of a system have essen-
tially equal reliability: the required level of reliability is
a function both. of what can be obtained on a cost-
effective basis, and also it is a function of the impor-
tance of the part or assembly in achieving the most vital
parts of the goal for which the instrument has been
built. A circuit to operate a light used for verification

at a glance that everything is in normal operation does
not necessarily have to be as reliable as the basic cir-
cuits themselves, for example, unless instantancous
verification of proper operation must be available to the
user at all times throughout the mission.

Clearly, however, this consideration does not justify
a poor reliability if a better reliability can be obtained
at substantially the -same cost. Use of expensive and
complex redundancy-type techniques should be used
only after optimum reliability has been obtained based
on the best possible design philosophy.

Probably the least expensive overall approach to im-
proved reliability is the design of characteristics and
parameter displays (technical data sheets) in a way
which maximizes the ease of obtaining and using the
critical parameters which can assure increased reliabil-
ity. This is particularly true if these data are made
availableas supplementary information to standard de-
vice data sheets. Curiously, the additional information
which usually is required either is known rather pre-
cisely, as with the Fermi parameter A, or it would only
need to be known approximately as with 7 and «.

In preparing revised information display sheets, it is
important that the user’s problems be considered as
well as the maker’s, as often one of the underlying
reasons for demand for commercial engineering ser-
vices is the difficulty of extracting critical kinds of in-
formation from a specification sheet. (Typically, the
designer only knows that he has problems, but he may
not know their source.) The required engineeringinfor-
mation for use of the device should be readily available
from the data sheet by the average engineer if reliability
of operation of the resulting network is even modestly
important. There should be #o need for the designer to
limit his device alternativesto those with which he has
had extensive experience.

3-71 DATA FOR BIPOLAR TRANSISTORS
The curve data which are required for presenting
static characteristics of these devices includethe typical
output curves as a function of base current, but they
also should show input characteristics as a function of
a third parameter. Convenience of use and coordina-
tion with the output curves suggests the basic format
shown in Figs. F-17 and F-78 for PNP and NPN tran-
sistors, respectively. The input characteristics must be
expressedin a form which gives clear coordinationover
the active operating range for the device. It is for this
reason that plotting coordinates have been chosen as
V., and ¥, along with/,, and the contouring based on
I, in the curve set in Appendix F. Only this kind of a
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configuration can be used simply and directly in con-
junction with standard collector families of curves.*

The expanded curves shown in Appendix F provide
an excellent presentation of static environmentalcondi-
tions, but they present no useful data on small-signal
conditions, which are equally vital to the design of both
amplifying and switching circuits. The selection of
small-signal parameters must be made among such
items as

ﬁ (Or hfe)’ hie’ Yier f&, fﬁ’

f;"fmax’fnl’fnr Am,

Ton Ters To
various capacitances, and other parameters. Some of
these parameters are slowly varying in some sense, and
many are either simple or complex functions of volt-
ages and/or currents. Some are nearly independent of
voltages and currents, and others are strongly depend-
ent on them. They may also be functions of tempera-
ture.

The parameters selected for use should be the ones
which fulfill as many of the following criteria as possi-
ble:

1. They should have a strong direct effect on cir-
cuit behavior.

2. They should depend on device design and as
little as possible on manufacturing variations.

3. They should depend on variables which are con-
trolled.

4. They should be accessible to contour plotting on
static curve sets.

Based on these criteria, one can conclude that preferred
small-signal parameters include

ft’ .fr'nax’ f«;’ f;ll’ .f;m

A, ch; Fy andrc:.

The intrinsic input admittance can be expressed
approximately in terms of the equation:

yir = AL(L + m) (3-43)

and the intrinsic output admittance can be estimated to
adequate accuracy from the slope of the Z, contours in
those rare cases where it is really needed. (Usually, if
the number is needed in the design process, the proce-
dure can be assumed to be one which will lead to an
unreliable design if the author's experience is typical.)

It is interesting to note that based on Eqs. 3-14 and
3-43, one would expect that the small-signal 8 and the
DC B were equal. Of course, this is not true, although

* This same kind of curve set is used by some foreign manufac-
turers. See Appendix E.
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there is a relation based on an integral between them.
Actually, both of these equationsare approximationsin
that they have neglected components dependent partly
on base and partly on collector voltage, and the compo-
nent of collector current which is dependent on collec-
tor voltage is substantially larger than the component
of base current. When these two correction terms are
included, then the ratio of Eq. 3-14 and Eq. 3-43 does
not yield a value of small-signal 8 which is equal to the
DC B.

Now, the data for £, f,, and f,,, at lcast are related
to one another, so that usually one of the group may
be selected provided the data required for deriving the
others are known at leastapproximately. Good practice
in the design of a circuit requires the designer to select
an operating frequency less than f, if at all possible,
and f,, may be from ten to thirty percent of f,,, for
example. All of these frequencies are functions of V,
and Land, as a result, one of them should be contoured
on a collector curve family for the benefit of workers
who dohave to use the devicesnear their limit frequen-
cies. The frequency f,, is not, to the author's knowl-
edge, dependent on any other defined device parame-
ter, so its approximate value should be published to
indicate where the upper edge of the excess low-fre-
quency noise band may be. The approximate value of
/- also should be provided to indicate that frequency
above which excess high-frequency noise may be ex-
pected. Typic 1values for these frequencies should be
adequate.

The approximate data on the important diffusion
and transition capacitancesare defined in terms of the
Jas [p and S, group of frequencies. The preferred fre-
quency to selectcould well be dependenton the relation
between frequencies and capacitances, and requires
more detailed analysis than apparently is available at
present.

The value of m is a function of device current, and
it has a limit magnitude of less than 0.45 for presently
used materials. Its sign is positive with PNP transistors,
and negative with NPN devices. Its maximum value
and the point at which it becomes significant are de-
pendent on basic device design and on the device (out-
put) current. Some data on the variation of m with
L should be made available.

The manner.of variation of C,, with device operating
characteristics and applied voltages and currents ap-
parently needs clarification. A substantial set of con-
tours of this parameter supported by an analytic devel-
opment of the theoretical basis of the curves would
appear to be desirable.

The values of the various spreading resistances are
primarily of importance in the determination of the
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limits of the effects they can have on circuit behavior.
For this reason, it appears desirable to have a typical
value and a value below which a given percentage of
devices can be expected to have their values of these
resistances included as a minimum requirement. These
data—the typical, say the 95% confidence value--
could be very useful to the serious designer of special-
ized circuits, particularly if he is concerned with mak-
ing substantial improvements in circuit reliability.

Because of their special nature, both the Fermi pa-
rameter and the device P deserve some special notes.
The Fermi parameter is defined as the ratio of electron
charge ¢ to the product of the Boltzmann constant by
the absolute temperature 47, i.e,, ¢/(kT). 1t is a funda-
mental physical parameter which is dependent only on
absolute temperature. Material processing has no effect
on its value; neither do nuclear radiation fields or other
related phenomena. Yet it specifies the important for-
ward properties of the device as well as the input prop-
erties. In principle, it also specifies the output and
reverse admittances as well. Those people who have
known how to use it have found it extremely valuable,
but values of r,-are vital to its successful use.

3-7.2 BETA (B)

The parameter B8 historically originated with the
point-contact transistor, and it was applied to junction
transistors because it appeared to be relatively constant
in value as viewed from the basic back-to-back diode
equations. The apparent constancy soon proved itself
to be an illusion because the variation of 8 with collec-
tor current follows a shape similar to that shown in Fig.
34. Particularly, the 8’s of different devices made in
exactly the same way could vary by a range of at least
ten to one, so much so that until just recently at least
it has been common practice to sort production into as
many as three or more different groups and sell them
as different devices having different EIA registration
numbers.

The reasons for the variability of the 8 are not hard
to find. The definition of 8 mathematically is

B = 8l,/8lg (3-44)

where the base current /[, is further defined by the
equation

Ig +Ig +1,=0 (3-45)

In this last equation, /; is a small difference of two

larger currents, and mathematically such differences
are always suspect.

Further, the transistor itself performs exactly this
mathematical differencing, and only a small difference
between the generated emitter current and the ex-
tracted collector current flows out of the base lead. As
a result, small variations in carrier lifetime in.the base
region and in the thickness or the conductivity of the
base region can, and do, cause substantial changes in
Iy and make control of the value of 8 very difficult at
best.

The variation of the 8 in a given transistor is easily
explained. At very small values of device current, all
flow is by diffusion. As the current level increases, an
aiding field is generated in the base as a result of diffu-
sion, and throughflow increases, causing an increase in
B. Theoretically, the 8 can be doubled through the
influence of this field. As the current is increased fur-
ther, however, the density of minority carriers entering
the base first substantially exceeds the equilibrium
value, and then may eventually exceed either the intrin-
sic value n; for nonpolar semiconductor, or even the
majority carrier equilibrium level. Since approximate
charge neutrality must be maintained in the base re-
gion, additional majority carriers are drawn into the
base region (it is this change in majority carriers which
introduces the polarizing voltage which makes the
m-factor significant), and the lifetime of the minority
carriers in the base drops sharply. The result is a sharp
decrease in B.

3-7.3 THE FIELD-EFFECT TRANSISTOR

The representation of the static characteristicsof the
field-effect transistor is similar in some respects to that
for the bipolar transistor, and in some respects to that
for electron tubes. The device is voltage (or charge)
controlled, but it draws negligible control electrode
current. On the other hand, the control of current is in
principle temperature-sensitive in that the nominal
control voltage required to establish a given current is
very temperature sensitive.

The large segment of effectively “uncontrolled” cur-
rent flowing in the FET device reduces the apparent
temperature sensitivity of the bias contours to a point
that even though the FET is theoretically as tempera-
ture sensitive as the bipolar device, for practical pur-
poses the change in position of the bias contours is quite
small. This is important since there is no space-charge
cloud formed by thermal emission reducing the tem-
perature sensitivity of this device as there is with the
electron tube.
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Existing static characteristic curves used with FET
devices appear to provide the design data required for
establishment of the proper operating environment.
The small-signal data which control point-by-point op-
eration of the circuit are completely missing, however.
It is generally recognized that FET devices aretrans-
conductance devices, and that their transconduc-
tances are primarily a function of output current (drain
current). This being the case, the user is entitled to ask
the question of how he can get the necessary data.

Examination of the static curves indicates that the
variation of transconductance with drain voltage for
these devices is probably slow, sufficiently slow that for
a first approximation it may be assumed to be zero. If,
then, a curve of the value of the k-factor as a function
of device current, or the curve of transconductance as
a function of device current is provided, adequate data
on the transconductance will be available. (If the
k-curve approach is selected, it may have two ordinate
scales—one for k, and the other for the product of «
and A at a typical operating temperature. Both ordinate
and abscissa scales may be linear, or they may be loga-
rithmic if the range of operation to be covered is suffi-
ciently large.)

The selection of the format for presenting these data
represents an important decision, one which is particu-
larly vital to the designer who must apply the device in
a network. As is shown in the paragraphs that follow,
a strong case casily can be made for including these
data in some form on a data sheet; the only problem is
the selection of the most effective and useful forms.

Plotting the log of the transconductance against the
log of plate current is possibly the most direct and a
very useful way to present the data in question. This
method of presentation has the advantage that no cal-
culations are required involving any of the
factors—k, A, or /,—in determining the effective trans-
conductance. (A lincar plot of transconductance
against drain current is completely unsuitable in that it
restricts excessively the ability of the designer to use his
device at low current levels.) This procedure does not
make any data on the value of the transconductance
efficiency available, however, and data on the way effi-
ciency varies with device current level can be extremely
useful.

On the other hand, presenting only the value of the
efficiency, or the product of the efficiency by the room-
temperature value of the Fermi parameter makes nec-
essary a considerable amount of calculation to get to
the important data on transconductance. Conse-
quently, provision of only a curve of k vs device current
also is undesirable.

A combination plot probably is the best answer, one
giving values of both log g,, against log drain current,
and log x against log drain current. When this is done,
the device can be used either in its low-current (and
low-power) mode effectively, or it is possible to select
optimum operating conditions for maximizing reliabil-
ity in the normal operating range. It should be noted
that tolerances of T50% and —25% should be quite
adequate for values of k, and transconductance data
which are within 20% either way should be relatively
casy to provide.

The reasons why the transconductance and the
k-data cannot readily be obtained from static data are
readily displayed. In the first place, the transconduc-
tance g,, is defined, as before, as

gm = 81,/ 8V, = kAL, (3-46)

where /, is the drain current and ¥, the gate voltage.
In a similar way, the k-factor may be defined in terms
of the equation

K =gm/ (W) = [1/(AI)1(81,/8V,)  (347)

where Eq. 347 is a rearranged form of Eq. 3-46.

In both of these equations, the desired parameter
value is a function of the partial derivative of Z, with
respect to ¥, and, in both cases, the values are rather
well controlled and rather stable. In fact, the precision
with which the Fermi parameter may be stated is better
than 10% even allowing for device temperature varia-
tion; and it can be within one percent if the appropriate
value of absolute temperature is used. Since the value
of « is a slowly varying function of drain current and
device geometry and construction, it is probably defina-
ble to within 10% or better.

Curiously, the values of static drain current as a
function of gate voltage are relatively ill-defined in
comparison to the value of . In addition, even if the
values of drain current as a function of gate voltage
were well-defined, the variation of small-signal trans-
conductance from one contour to the next is suffi-
ciently rapid that either an excessively smoothed aver-
age must be accepted or an excessively noisy value must
be accepted. Since the small-signal value defined in
terms of Eq. 3-46 is far more dependable and more
precise, the taking of small differences of large numbers
to obtain a value of transconductance is totally unjusti-
fied.
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The figure of merit for these devices should be made
part of the standard data provided. In addition, one
might surmise that there are noise corer frequencies
of which £, and f,, are typical which are of sufficient
importance that their values should be provided.

The impedance of the depletion zone and its capaci-
tance to source and to output are both characteristics
of substantial significance for FET devices. The effects
of these parameters on device behavior can be mini-
mized by basic device design, since the design which
maximizes the effective value for k as a function of
drain current also will minimize the series impedance
of the depletion region.

The channel impedance is important in at least two
ways—one in that it can introduce what might be
called source-spreading resistance, and another in that
it can contribute to instability through introducing se-
ries impedance in the output section of the channel.
These impedances correspond generally to emitter and
collector spreading resistances in the bipolar devices,
but their magnitudes tend to be much larger than for
the bipolar devices.

The source-spreading resistance must of necessity be
kept to a minimum since it limits the effective transcon-
ductance g, . which can be obtained through normal
degenerative action

Em* = 8m ~— (1 +ngs') (3'48)

where Z is the source “spreading” resistance in the
channel. Evidently the maximum effective transcon-
ductance approaches(Z,J"' asan upper limit, and evi-
dence of existence of this limiting impedance may be
found by an examination of the relation of g,,-and
I,. In its absence, a continuing increase of g, . with
1, is to be expected.

Probably, measurement of collector spreading resist-
ance may be accomplished when required by the use of
an AC impedance bridge, with the measurement made
on the path from drain to gate. Since both capacitance
and impedance may depend on the operating current
through the device, provision should be made to apply
normal operating potentials during the test. Standard
capacitance measuring procedures, obtaining first a
capacitance balance and then introducing series resist-
ance for quadrature balance could be required.

3-74  ELECTRON TUBES

The discussion of data presentation for electron
tubes must be divided into two sections: the first being
for triodes, and the second for multigrid tubes. Many
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of the considerations already discussed for semiconduc-
tor devices also apply to electron tubes, but in different
combinations, but there are several unique situations
which require special consideration.

The static characteristic curves for the triode electron
tube differ markedly from those of transistor devices
because the output conductance for triode tubes is
almost as large as the transconductance. Typically, it
may be as little as one hundredth of the trans-
conductance, but with power tubes it may be as large as
half the transconductance. As a result, there is a
different shape curve which represents current-voltage
relations with these devices. The curve shape is similar
to that for a diode in its forward-conduction direction.

As with solid-state devices, the positions of the static
contours for a triode are relatively unstable, and much
more unstable than the positions of the trans-
conductance contours as a function of plate current.
This means that a set of static contours of constant bias
as a function of plate voltage and plate current gives the
user a completely inadequate statement of the
small-signal characteristics of the device. The problem of
taking small differences of inaccurately known large
numbers (fuzzy values) to approximate numbers which
can be specified rather precisely in other ways again is
encountered.

Because of the nature of the devices, it is desirable to
plot contours of constant transconductance directly on
the standard |, late family of characteristic curves for
triode tubes. In addition, it is desirable to have contours
of constant plate conductance plotted directly on these
curves, since the plate degeneration term is typically
important. It is of particular interest to note that
whereas the positioning of the plate conductance char-
acteristic contours is rather unstable as a consequence
of the variability of the positions of the bias contours,
the relative magnitude of the correction term fre-
quently is sufficiently small that the instability is of
reduced importance in this equation

Em* = &m/ (1 +8p2Z 1) (3-49)

where g, is the plate conductance. With these data and
Eq. 3-48, it is possible to obtain the kind of point-by-
point small-signal information which makes it possible
even to calculate switching time and rates for multivi-
brators. It is also possible to establish operating condi-
tions required for the initiation of transfer in a switch-
ing circuit.

Additional data which can be useful for triode tubes
include approximate figures of merit, which specify the
maximum useful operating frequency, and data which
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define the relation of signal-to-noise ratio to operating
conditions. A set of curves—which specify on the typi-
cal triode plate characteristic curve family the contours
of power gain to noise power for a typical (high) operat-
ing frequency and also include the open-grid-circuit
V, vs {, contour-can be used to help select the op-
timum operating conditions for the tube as a small-
signal preamplifier.

3-7.6  MULTIGRID TUBES

The characteristic curve configuration selected for
use with multigrid devices such as tetrodes, pentodes,
mixers, and converters should permit the designer to
operate the device at the lowestscreen voltage at which
desired operating conditions can be obtained. This
means that a screen characteristic curve set (sometimes
called triode-connection curves) should be used for
data configuration. Since here again both g, and
g.» are dependent on plate current, and can be obtained
much more accurately through use of equations like
Egs. 3-32 and 3-33 than by estimating from imprecisely
specified static screen-bias contours, contours of con-
stant value of at least g,, should be included. With
devices whose use is intended to include variations of
V., as a part of normal operation, contours of constant
value of g,, can also be very helpful.

With the mixer type of multigrid tubes, additional
curves showing the relation of mixer voltage swing to
change in transconductance on the small-signal input
make the design of various kinds of converter circuits
much simpler. As noted previously, Eq. 3-42 can be
used with curves similar to those in Figs. 3-2(A) and
3-2(B) to determine the conversion conductance. The
important requirement for any mixer or converter de-
sign is that it be possible to read the transconductance
as a function of conversion signal on a point-by-point
basis. This is difficult at best, and may be virtually
impossible without special characteristic curves of the
types described.

Possibly one of the most efficient ways of calculating
- conversion transconductance is based on the material
included in Appendix C. The detail techniques are de-
scribed there and in Chapter 12.

3-8 MEASUREMENT TECHNIQUES

There are two basic types of measurements required
for the determination of the small-signal behavior of
transistors, and a number of special measurement tech-
niques required for some of the remaining parameters.
The basic measurements are for self-immittances and

for transfer immittances. Self-immittances are mea-
sured by introducing a small magnitude of alternating
signal either into the input or the output, and compar-
ing the voltage across the transistor itself with the volt-
age across a standard resistance. The voltages across
the respective immittances, the standard and the un-
known, may be repeated by the use of isolation amplifi-
ers, and their magnitudes compared by adjusting the
magnitude of one to equal that of the other through the
use of a calibrating potentiometer. Typical circuits for
making these driving-point immittance measurements
are shown in Fig. 3-5. Methods of measuring r,-and
C, will be described in later paragraphs of this chapter.

Fig. 3-5(B) shows one method of measuring the
parameters V, and Yy, or ho. Because the shunting
capacitance from collector to emitter is normally small
compared to the collector conductance, it often can be
ignored in low-frequency measurements. The signal
voltage from B, to ground is repeated by an isolation
amplifier, and a portion of it compared against the
voltage from B, to ground to determine the effective
collector admittance. A variable capacitance could be
placed in parallel across the standard resistance to give
an approximate measurement of the equivalent capaci-
tance from collector to emitter if desired.

The circuits in Fig. 3-5(B) and (C) may be used either
with the base terminal of the transistor bypassed to
ground to give a low-impedance input circuit, or they
may be used with the base circuit open to signal fre-
quency. In the former case, the measurement gives the
value of Y, ,and in the latter, the value of y, (or 4,). Both
these measurements are useful in connection with the
design procedures discussed in the remaining chapters
of the book.

The method of measuring y, and y. shown in Fig.
3-5(B) is excellent for use with low-power transistors,
but it is difficult to use with power transistors,
primarily because of the difficulty of building a high-
current power supply having good voltage regulation
and a high internal signal impedance. An arrangement
that can be used with power transistors with their rela-
tively high collector admittances is shown in Fig. 3-
5(C). In this circuit, the signal is introduced in series
with the collector supply, and the standard resistance
is placed in series with the signal source and the collec-
tor. A repeater amplifier with an isolation transformer
is used to separate and amplify the voltage developed
across the standard resistance. The amplified voltage is
then compared with the voltage on the collector to give
the approximate value of the conductance. As long as
the gain of the amplifier is adequately controlled by
feedback, a relatively small value of standard resistance
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may be used to measure the conductances normally
encountered with power transistors.

Although the use of an isolating transformer may
appear to be undesirable, actually, if it is properly
loaded, it can be calibrated and is somewhat more satis-
factory than a differential amplifier for the purpose. A
small error in the differential action can be quite seri-
ous, whereas no such error can develop with a trans-
former, only ratio or phase errors, which are much
easier to calibrate and maintain than is the differential
action. The use of a load resistor whose value is in the
neighborhood of 10,000 ohms across the output wind-
ing of a unity-ratio transformer having an open-circuit
reactance in excess of 50,000 ohms at the measuring
frequency gives a circuit capable of accuracies in the
neighborhood of a percent after calibration. The cou-
pling cocefficientfor the transformer should be as nearly
unity as possible, greater than 0.999 being desirable.

e

The better the grade and quality of the transformer, the
more accurate the results that can be obtained.

The trans-immittance parameters are all basically
measured in a similar manner, with the input signal
applied at one point, and the output taken from a com-
pletely different terminal on the device. These parame-
ters may be called transfer functions, transfer ratios,
transadmittances, or trans-impedances. The ones of
particular interest in the balance of this book are the
parameters 4, or Az and yy or Vs - The reverse trans-
immittances can also be measured by the use of the
same basic circuit as for the forward.

These transfer immittances can be either transfer
admittances or impedances or they can be transfer volt-
age ratios or current ratios. The transfer voltage and
current ratios are really the ratios of a transfer imped-
ance to a self-impedance, or a ratio of a transfer admit-
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tance to a self-admittance, with the result that they may
be classed as immittances.

The basic circuit for the measurement of either 4,0r
¥y is shown in Fig. 3-6. The only difference between
these two measurements is the point at which the refer-
ence signal is extracted. If the reference signal is ex-
tracted at the point A, ahead of the current-limiting
resistor R » -the measurement is that of the current
ratios, or B or /. If the reference voltage is extracted
at the point B at the base lead, then the measurement
gives the forward admittance y, . The value of the load
resistor R, used with either of these circuits is normally
less than 100 ohms because the measurements of y.and
h.both are based on a short circuit in the output. The
allowable resistance that may be used in the collector
circuit is limited by the source impedance of the power
supply and by the two output admittances. The value
of R, should lic in the range

R.. < Ry, < 1/y. or 1/y,

where R, is the effective source impedance of the col-
lector power supply, including any metering circuits
used. This resistance must also be sufficiently small to
permit the development of the required value of collec-
tor voltage.

3-9 HIGH-FREQUENCY PARAMETERS
In addition to the measurements of the low-fre-
quency components of the small-signal parameters, it is
necessary to measure at least three additional parame-
ters, for example, 7., C, and C,. These are the mini-
mum components required in the interpretation of the
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Fig. 3-6. Transfer Immittance Bridge

characteristics of any given device. Severalmethods for
the measurement of these parameters are now consid-
ered.

First, a brief consideration of the properties to be
expected in the device as a result of typical values of
these parameters can be helpful because it indicates the
type of data required for them. The value of the param-
eter »,r varies slowly with frequency, and is relatively
independent of base current. It may vary somewhat
with collector voltage because the collector voltage de-
termines the current distribution in the base region.

3-9.1 CAPACITANCES

The internal base-to-emitter capacitance of a transis-
tor consists of two components, one dependent
primarily on the magnitude of the collector voltage,
and the other on the magnitude of the emitter current.
As a consequence, the input capacitance variation can
best be presented in terms of contours of constant value
plotted on cither the input or the output curve family.
Because the collector current is nearly equal to the
emitter current for the majority of useful transistor
devices, the contours may be introduced on the output
family of curves. Fig. 3-7 shows how such curves might
look on a hypothetical transistor.

The capacitance between the collector and the base
of a transistor, or the feedback capacitance, is also a
function of its operating conditions. The principal com-
ponent of capacitance varies with the voltage from col-
lector to base, having the form

C =kVy (3-50)

where the value of nis either 0.5 or 0.33.

3-9.2 METHODS OF MEASUREMENT OF

INPUT PARAMETERS

The methods used for measuring the values of #.
€, and g;- all separate the different components on the
basis of measurements at different frequencies. One
quick method of getting a rough value of 7, and C is
based on the method described for measurement of
g; . First a measurement of g may be made, only a
special potentiometer is used as the standard instead of
a simple standard resistor. Once a sine-wave balance
has been obtained at measuring frequency with the full
resistance in the potentiometer used as the standard, a
capacitance decade box, C;, may be introduced, chang-
ing the circuit of R, in Fig. 3-5(A) to that shown in Fig.

3-25



AMCP 706-124

3-8. First, the approximate value of C; required may be
calculated from the equation

C, = C;/ (g Ry)

= (gy +&p)/ 2fo 80 Rs) (3-51)

The nominal value of the sum of (g,. + g) may be
obtained (for this equation) from the emitter current if
desired. The capacitor C; is set to the value indicated
by Eq. 3-51, and the potentiometer adjusted with a
square-wave input until the Lissajous figure is flattened
to a horizontal line. Once the setting of the potentiome-
ter has been optimized, then the capacitance may be
readjusted and R, trimmed until neither direct nor
quadrature components of current remain. When this
condition exists, the component values may be deter-
mined in terms of ¥, the decimal reading R, on the
standard potentiometer, and the total gain 8K applied

to the signal voltage developed across the transistor
input. The parameter values are

gy = BK/(yR,) (3-52)
re = (1 — 7)R,/(BK) (3-53)
C; = (BK)C, (3-54)

A possible circuit for the complete standard including
R, and C, is shown in Fig. 3-8.

Two methods of estimating r,are available which
are based on low-frequency data. The first of these is
based on the fact that, at least approximately, the input
admittance of the transistor, neglecting base-spreading
resistance, is linear with emitter or base current. The
input resistance of the device is

Fig. 3-7. Contours of C;(—=—) and C, (———) As a Function of Operating
Conditions

Low frequency

E5=> o
R 3 {

\A AL

Wide band

Equivalent

<
Ty <
<

—
— o
¥it &

E‘.;;.—I VWA—

Fig. 3-8. Starckrd Admittance Representation for Transistor Input
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1/gi = re + 1/g or gi = go/(1 + giryr) (3-55)

Solving for the internal conductance in terms of the
external gives the equation

gir = gi/(1 — giryr) (3-56)

As long as the operating conditions are such that the
value of (g7, is less than 0.5, then g;, may be written
in the form

g'-, = gioiB (3'57)

When Eg. 3-55 is solved for 7, . in terms of two different
values of base current, #; and #,, the resulting equation

18

ror = (Up/gadts) — (i82/gilis) (3-58)

where
Al = iy — Ip

The presence of 7. does not affect the determination
of the internal value of current gain, but it does affect
the determination of the values of the input and for-
ward admittances. The effect of 7, .on circuit behavior
is sufficiently important that the sensitivity of g; and
gto the value of 7, »may help rather than hinder circuit
behavior. The corrected values of g and £, namely,
g;-and g are given in Eqgs. 3-56 and 3-59

Ty = 2/g"1 - l/gm (3-583)

The estimate of the value of 7, obtained from Eq. 3-38
will be correct to within at most a factor of two. The
resulting value of 7,.»may be used in Eq. 3-39 for the
determination of &, Itis usually convenient to take the
value of iy twice that for ig,, in which case the value
of r, is given in terms of the modified form of Eq. 3-58

gr = 94/ (1 = gare) (3-59)

The collector voltage should be kept constant for this
measurement.

There is an additional method of determining the
approximate value of the base-spreadingresistance that
depends on low-frequency measurements exclusively.
This method is based on the fact that the reduction in
the value of & from g¢,39,000 micromhos per mA, is
due primarily to base-spreadingresistance. As a conse-
quence, the values of g; and g, may be measured for a
specified value of emitter current, andgf.may be deter-
mined by multiplying 39,000 by the emitter current in
milliamperes. The value of ryis

roo = (1 — g;1/9s)/9: (3-60)

The point at which the evaluation is made may be
selected in the region whereg . is approximately half of
the nominal value g..to minimize the calculating and
the measuring errors.

True high-frequency measurements of the base-
spreading resistance for a transistor are readily made
with most high-frequency admittance bridges. The first
step is the selection of a test frequency sufficiently high
that the reactance of the input capacitance C; is small
compared to r,»..Next, a lower frequency may be se-
lected, and both 7,.land C; may be measured in terms
of series components, the initial value of 7, +being used
to guide the measurements. After the value of 7 has
been subtracted from l/gi to givel /gl. ,,the approximate
equivalent circuit is complete. The only problems that
may be encountered in this procedure are the problems
of controlling the static operating point of the active
device without influencing the readings. A number of
bridges have been developed that include provision for
the introduction of the required bias conditions.
Among these are the General Radio “Transadmit-
tance” meter, and the Wayne-Kerr bridges. Other
bridges that are naturally suited to these measurements
are described in the papers by Zawels (Ref. 3), Molozzi,
Page, and Boothroyd (Ref. 4), and by Turner (Ref. 5).
Zawels’ bridge is typical of the special devices created
for these measurements, and is discussed in the next
paragraph.

Fig. 3-9 shows a method of introducing an input test
signal into a transistor for measuring 7, .,ig;., and G
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Iy

O-
source _L

1

a-Cc source
(current)

|

Ct" = C;‘
1

Ty +— = R,
gerr

Fig. 3-9. Bridge for Wide-band Input Admittance
Measurement (AC source is square-wave current
isolated with respect to ground.)

either in one operation with the use of a square wave,
or by making separate balances at several frequencies
separated by two to three decades from one another.
The establishment of balance in a circuit such as this
is organized in steps in the order that permits them to
be accomplished independently of one another. The
most convenient order to use with this bridge is to make
the 7,-balance first, adjusting the value of the R, . stand-
ard at a very high frequency. Then a low-frequency
balance may be made to adjust the G;.standard to the
proper value. This adjustment is followed by one C; at
an intermediate frequency. A Lissajous-balance test
should now show a relatively good balance as a func-
tion of frequency from audio frequenciesto a frequency
in excess of the upper noise-corner frequency f,,- If the
test signal is large, curvature in the form of a parabolic
balance condition will be noted, but it will be symmetri-
cal about the vertical axis if the bridge is properly
balanced.
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CHAPTER 4

CIRCUIT PARAMETER RELATIONS

4-0 INTRODUCTION

The basic operating equations for transistor amplifi-
ers may be determined in terms of either an equivalent
black-box configurationand relation, a modified black-
box relation, or on the basis of an arbitrary equivalent
circuit, such as the Bell Laboratories tee resistance cir-
cuit, or the RCA pi circuit.

The principal advantage in the use of a black-box
representation in the derivation of equations for an
active circuit is that the equations obtained do not
depend on the configurationused for the active device.
The conversion of the small-signal parameters among
'the different configurations may be complicated, but
the equations need not be changed because of a change
of ground-point. The equations for the three standard
forms of amplifiers, the common-emitter,the common-
base, and the common-collector, and the equations for
the degenerative-emitter amplifier are derived in this
chapter, both neglecting the base-spreading resistance
as a separate component, and also including it. In all
these derivations, the internal properties of the intrinsic
transistor are represented by the modified admittance
parameters discussed in Chapter 2.

In addition to the routine method of derivation based
on Kirchhoffs Laws, topological methods are helpful.
The topological method gives the small-signal equa-
tions for both the driving-point and the transfer rela-
tion with a minimum of waste motion, and also mini-
mizes the possibility of error in the derivation. The
procedure for derivation of equations topologically is
explained in Appendix B. Topological methods have
been used extensively in the establishment of circuit
equations in later chapters of this book.

4-1 BASIC EQUATIONS FOR SIMPLE

AMPLIFIERS

The amplification equation for the common-emitter
amplifier, Fig. 4-1, can be derived directly from the
basic current equations, Eq. 2-3 and the input and the
output relations

b=y + Yo (4-1a)

fe = Y0 + Yobe (4-1b)

v = R, + v (4-10)

v+ iR, =0 (4-1d)
Substituting for v, and v, gives the equations

w(l + y:R,) = ya, — yR1i, (4-2a)

uwysR, + (1 + y.R1) =y (4-2b)

These equations may be solved for 4, and Z, in terms of
v, to give the driving-point and the transfer admit-
tances. The resulting admittance equations provide the
relations between the currents and the input voltage in
convenient form. The value of 4,/v; is

Y = /v,
[y: + AQRL/[L + y,R, + v.Re
+ A@y)R.Ry)

(4-3)

or, in terms of the value at the transistor terminals, (for
R, = 0), the equation is

v,
" cC
Ry

cé——OOutpm
2

Fig. 4-1. Common-emitter Amplifier
4-1
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Y.= ’ib/Ub
ly: + A(YRL/[1 + yoR1L]

(4-4)

The first of these equations gives the input admittance
with the source resistance R, included as part of the
transistor, and the second, with it isolated from the
transistor.

The input-output relation may be calculated by solv-
ing Eq. 4-2 for the collector current in terms of input
voltage

Y, =1/v,
ys/[1 + yill, + yRL + A(y)R.RL]

@-5)

This equation gives the forward admittance, or the out-
put current for a given input voltage, for the overall
circuit. In this case there is no reason to determine the
gain from the input terminals of the transistor to its
output, because the overall circuit gain is the value
desired. This equation may be changed into a voltage-
gain equation or a current-gain equation by a simple
transformation, multiplying both sides of the equation
by (—R,) for the voltage amplification, and by R, for
the current amplification. For the derivation of the
current gain equation from fundamental relations, the
input relation, Eq. 4-1c, is replaced by the equation

.= + G (4-1cT)

where G, and R, are reciprocals of one another.
In all these equations, the only place in which the
reverse admittance appears is in the A factor

AY) = Yo — Ysyr (4-6)

Because the evaluations in Chapter 2 show the use of
the y, parameter in one other form of term, the ()
term, and the value of y, in the common-emitter config-
uration is negligible compared to the balance of the
terms, the use of y;, vy, ¥,, and A(y) simplifies the
design of circuits significantly. At least potentially, the
value of A(y) is formed from the difference of two
products, and the values of the two products can be

4-2

approximately equal. For this reason its value should be
measured directly. Since there appears to be no method
of measuring the factor as a whole directly, it has been
determined by the use of the artifice

AW) = ¥iWo — YY/Y:) = Yile (4-6a)

where y, is the output admittance with the input circuit
showinghigh-impedance to signal currents. It is readily
measured, and as a result, the question of subtraction
is avoided completely. In the balance of this book, the
A factor is written as ¥, ¥, instead of A(y). This factor
is one of the invariants in an admittance configuration
for an active device.

The amplification equation could have been derived
without mentioning which variables were voltages and
which currents, and what type of immittance parame-
ters were used. This can be verified by comparing the
equations for voltage gain in terms of hybrid parame-
ters and admittance parameters

K = —yRi/[\ + y:R: + yR: + AWR,R](4-T)

K = h/G.R;/[1 + k@G, + h.R: + A(R)G,RL](4-8)

Clearly, in converting Eq. 4-7 into Eq. 4-8, v, has been
replaced by A G, , ¥, has been replaced by A, ¥, by h, -
A(Y) by A(A), and R, by G, In other words, to get Eq.
4-8, both the numerator and the denominator of Eq. 4-7
may be divided by ¥R, and the balance of the manipu-
lations consist of substitution of the respective
H-parameter symbolsfor the j-symbols. As long as the
parameters used are based on the same transistor con-
figuration, this interchange can be used for common-
base and common-collector amplifiers as well as the
common-emitter circuit. The formulation of the respec-
tive terms can be performed dimensionally if desired,
because both the numerator and the denominator of a
gain equation must be dimensionless.*

*Linvill has also reported the implications of this paragraphin
his report The Theoryof Two-Ports,J. G. Linvill, Stanford Univer-
sity Electronic Research Labs Technical Report TR1505-2 (Octo-
ber 15, 1959).
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When the equation for current gain is transformed
into the H-parameter form, the product of G, and R, is
unity, leaving only 4;in the numerator and

(14 240G, + kR + AWGRL]

in the denominator. If, therefore, the value of G, is
small (current drive), then the amplification, with
R, relatively small, reduces to A, the transistor current
gain.

Although the derivation of these equations was
based on the equations for the base current and the
collector current, it could equally well have been based
on emitter and collector currents (common-base), or on
base and emitter currents (common-collector). In each
of these cases, the input signal may either be introduced
in series by the use of a voltage and a series impedance,
or in parallel with a current and a shunt admittance.
Either way, the output is developed in a load imped-
ance. This is the reason for the importance of Table 2-3.
For these two configurations, the amplification equa-
tions take the following forms. . .

Common base:

K = [y; + yolB1/[1 + o(y)R, + y.R, (4-9)
+ yichsRLJ

Common collector:

K = [y; + yAR./[1 + y:R, + oc(y)R. (4-10)

+ yichsRLJ

The first of these equations, Eq. 4-9, may be verified by
using the sum of Eqs. 4-1a and 4-1b with Eq. 4-1b and
the additional equations

‘U.='¢.¢R3+v¢;
L¢+7'b+lc=0

.+ R = 0;
vt i (@-11)

and Eq. 4- 10may be verified by the use of Eq. 4-1a with
the sum of Eqs. 4- 1a and 4- Ib along with the additional
equations

v, = 7'bR: + o + 7:eIBL; v, + ieRL =0
it tio =0

(4-12)

The input admittances may also be calculated by
solving for the input current in terms of either the
source or the terminal voltage. For the common-base
amplifier, the input admittance in the emitter circuit
takes the two forms

Yo = [o(y) + yayeRL)/[1 + c@®)R, + yoRRy (4-13)
+ vy R )
Yo = loly) + yayRL]/[1 + y.R.] (4-14)

for the source admittance and the terminal admittance,
respectively. Eqs. 4-13 and 4-14 can be formed by sub-
stitution of the appropriate conversion values from Ta-
ble 2-3 in Egs. 4-3 and 4-4, respectively.

The corresponding equations for the common-col-
lector amplifier may be derived either by substitution
from Table 2-3 or by solution of the basic equations.
The input admittances for this amplifier are

Yie =91 +yR)/1 + y.R + o(y)RL  (4-15)
+ ytchsRLJ
Yii =yl + yR1)/(1 + a(y)R ] (4-16)

for the two conditions.

With the common-collector amplifier, the output
signal is applied effectively in the input circuit, reduc-
ing the net signal voltage applied from base to emitter.
This is the reason that the ¢ term appears in the
denominator of these expressions and the gain expres-
sion for this configuration. The effective input admit-
tance is markedly reduced by the effect of the load
resistance, and the converse is shown to be true in the
next paragraph.

The output admittances may be determined from the
basic current relations by transformation of input for
output parameters and vice versa, or they may be deter-
mined by evaluating the ratio of current to voltage in
the output circuit. The equations to be solved are

7:(, = Yty _.I,_ Yrt, (4_ la)

T = Y0 + Yole (4-1b)
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% + wh, = 0 @-17)

The value of the ratio #,/v, orY,, is given by the
equation

Y, = [y + yueR/[1 + Yl (4-18)

Once again, this equation may be transformed from
that for the common-emitter configuration to that for
the two other standard configurations. The modified
admittance equation for common-base operation is

Yo = [yo + y:ch.]/[l + a(y)Rs] (4'19)

Clearly, the output admittance of this amplifier is much
smaller than that for the common-emitter configura-
tion. In fact, as the source resistance R, is increased, the
output admittance decreases rapidly, but for very small
values of R, the output admittance is independent of
which of these configurations is used.

The output admittance for the common-collector
configuration may also be written with the aid of the
conversion table. Instead of the o(}) appearing in the
denominator, however, in this case it appears in the
numerator. Consequently, the output admittance is
comparatively large

YO = [O'(y) + yichs]/[l + yiRl] (4‘20)

This high output admittance corresponds to the rela-
tively high value of output conductance that may be
obtained with the conventional cathode follower. Be-
cause the first term of the numerator is very large
compared to the second, the value of R, used can have
little if any effect on the magnitude of the numerator.
It can, however, have an appreciable effect on the value
of the denominator. Consequently, as the source
impedance of the signal source is increased for an emit-
ter follower, an appreciable increase of the value of the
denominator can cause a significant reduction of the
available output admittance, and the circuit may not
behave as desired. This phenomenon is also noted with
cathode followers, in that the output admittance of a
circuit incorporating impedance-boost on the input
side often has a relatively low output admittance. The

difficulty is commonly avoided by the use of a circuit
similar to that shown in Fig. 4-2.

4-2 MODIFIED BLACK-BOX

PARAMETERS

It is not possible to simplify the representation of a
transistor to an admittance black-box except at low
frequencies, since the base-spreading resistance present
in the base lead of the transistor prevents the frequency
response from conforming with that of the admittance
form. It is entirely practical, however, to modify the
admittance representation by the introduction of a se-
ries resistance in the base lead to make allowance for
the discrepancy, and the resulting representation is suf-
ficiently accurate for the majority of routine applica-
tions. This modification may be made directly in the
equations for the common-emitter and the common-
collector amplifiers, and the corrected small-signal
equations are easily derived, but special consideration
is required for the common-base configuration (Figs.
4.3, 4.4, 4.5).*

The modification of the equations for the common-
emitter circuit to take account of base-spreading resist-
ance requires the addition of the equivalent resistance
r, to the source resistance of the voltage source supply-
ing the signal to the transistor. At the same time, the
mput admittance for the transistor amplifier must be

W
QCC

Ry

Input o7 |—
C| C
2

—| —ooutput

Fig. 4-2. Amplifier Coupling Using Emitter-followers

*Strictly 7. and 7, also should be included for a complete
representation.
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determined, including the base-spreading resistance in-
ternal to the transistor. The modified amplification for
this amplifier may be written

K = —ypRi/[1 + yo(R. + 1) + yoRe
+ yi'yc(Rc + Tb’)RL]

4-21)

In effect, the original source resistance becomes the
sum of two parts, the first being due to the resistance
of the voltage source, and the second due to basec-
spreading resistance. Similarly, the input admittance
becomes, for the two cases

Y,', = ib/v,
[yw + ywchL]/[l + yi'(Rs + 75)
+ Yo R + yiye(R, + o) R1]

(4-22)

Fig. 4-3. Circuit Representation—Common-emitter
Transistor Amplifier

[
i o

Fig. 4-4. Common-base Amplifier

g ¥ir €
R, Y, Ve Yo'V
g Yo RL
P <
Vs Yo' Vo'
C —_ C

Fig. 4-5. Common-collector Amplifier

Y =yl 4+ yR0)/[1 + yirree + yoRy
+ y."ych'RL]

(4-23)

The corresponding equation for the output admittance
1s

Yo = [yo' + y:’yc(R: + 'rb,)]/[l
F o tr0)

If R, = 0, then this equation may be written as

(4-24)

Yo = (Yo + yortyeror)/ (1 + yors)

A similar set of equations may be derived for the
common-base configuration. One significant difference
must be taken into account in this configuration,
namely, the fact that the base-spreading resistance is
introduced into the grounded, or base, lead rather than
in either the emitter (input) or the collector (output)
circuit. In effect, it lifts the internal common element
of the transistor off ground and makes it part of the
series circuit. This introduces a ¥; ¥, term into the
numerator of the amplification equation

K = (y; + yo + yoyre )R/
(1 + o@)R. + yim + yoRe

+ vy (reB, 4+ roRp 4+ R.R1)]

(4-25)

The complete equation for the input admittance is

Y, = [e(¥) + Yiyo(re + R1))/
(1 +o(y)R, 4+ yors + yo-R:

-+ yiye(reRs + 7R + R.R1))

(4-26)
This cquation may be reduced to the actual input ad-

mittance of the transistor by taking R, to be zero

Y =[o@) + yiyclrs: + RV + yore
+ YoRr + yoyovRi]

(427

The equation for the output admittance, including
Ty IS

Y, = lyor + yive(R: + 7))/[1 + oy )R,
+ yire (1 + y.R.)]

(4-28)

4.5
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Unless topological methods are used for the deriva-
tion of this equation, difficulties may arise in the estab-
lishment of the correct set of current and voltage rela-
tions to use with the basic black-box equations. The
following tabulation of the basic relations required in
the derivation is included for the convenience of the

reader
1:b+1:¢+7;¢=0, . vb’+ve’=0

Ty = (yi' + y/')ve' - (yr + yO’) (vc' ~ Vo)

te = —Ypler + Yor(Ver — Vo)
Ve = —t R 4+ ey (4'29)
Ve = Vot + TRy — Wy = v, + 1R,
v + 1R =0,
Vor = vorr + ibrb' = [vc" - 1:ch' - 7:,7"1,/]

The equations for determination of amplification and
the input admittance take the form

Wl + o )R, + (e + yy)1o]
— e[~ (yor + ys)rer
+ (yr + yo)BLl= o(¥)v,
_ie(yf’ + yo’)(Ra + Tb’)
F il + yoRr — yrre] = —(ys + yo)ve

(4-30)

These equations may be used for the calculationof K, -,
Yips» and Y, but they cannot be used for the

determination of Y, ,. This must be determined from a

pair of equations in which the value of »,” has not been
replacedby —i R, +i,r, . These equations are

[l + o) B + (Yo + ys)7er]
+ 2y + yr)ry = (yr + yo)vorr

Yy + yo)Bs + yrre] + (1 — ypre) = you.

(4-31)

Routine solution of these equations leads to the value
of output admittance given in Eq. 4-28.

Because the input circuit is the base circuit, as it is
in the common-emitter amplifier, the equations for the
common-collector amplifier can be obtained directly by
replacing R; by the sum of R; andr,. The resulting
equations are

4-6

Ko = (g + y)Ru/11 + o(y)R. 4-32)
+ yo(l + y.B.) (ree + R,)]
Yiu = yi’(l + che)/[l + U(y,)Re (4'33)
+ yi'(l + che>(Tb’ + Rs)]
Yt'c = yi’(l + che)/[l + U(yl)Re (4'333)
+ yi’Tb'(l + vae)]
@-34)

Yoo = [0(¥) + yiye(rer + E)I/[1
+ yt"(Tb’ + Ra)]

4-3 THE DEGENERATIVE AMPLIFIER
Often in an amplifier some resistance is introduced
into the emitter circuit, Fig. 4-6, to provide the kind of
degeneration commonly obtained by the use of a cath-
ode resistor in a tube circuit. The modifications this
makes in the equations are not extensive, but they do
introduce significant changes into the circuit behavior.
The set of equations required for this derivation are

7:?; = Yty + Yl (4-35)

e = Ysr Vb + Yole

v+ (B + 1)Be + WRs = vy
+ (% + i) B. + % (B, + 750)
Ve + /i'cRL + (zb + ic)Re =0

Uy

(4-36)

When these equations are solved for the voltage am-
plification, the resulting equation is

AAA
VWM
~

Fig. 4-6. Emitter Degenerative Amplifier
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Kq= —[lyy — yoy-RORLY/(1 + o(y)R.  (4-37)

+ yu(Re + 7o)
+ yoRL +yi'yc (ReRL
+ (R, + n)(R. + R1))]

If the value of R, is zero, this equation reduces to the
standard form for the common-emitter amplifier. With
the resistance R, in the emitter return, the emitter is no
longer at ground potential, and a y,y. term is present
in the numerator of the transfer equation.

These equations may also be solved for the driving-
point admittances for the circuit, both with and with-
out a source-resistance component in the input. The
input admittance equations are

Yieo = y.-,[l + yc(Re + R/ + 'T(?J')Re
+ yo(Rs + 1)
+ YR + yiry{ReRL
+ (R, + 1) (Re + R1))]

(4-38)

Yia = yell + y(R. + RD))/[1 + o(y)R. (4-39)
+ yory + yoRr + yiyL{R.EL

+ rb’(Rc + RL))]

The presence of the emitter resistance R, increases the
complexity of the equations considerably, even more
than does the presence of the base-spreading resistance
ry. The usual simplifications do reduce the complexity
of the equations, however.

The output admittance is calculated in the same
manner as it has been in previous examples. As usual,
no substitution is made for v,, only one for »,. The
equation that results is

Yo = g0 T yen® T R Ty
to)R, Ty TR Tr) @40
yoRe Fyoy. (R.RL
+ & *tr)& TR
It is significant to note that both, the input and the
output admittances of the amplifier can be reduced
appreciably by the introduction of the emitter resist-

ance, as the o term in the denominators of Y, and
Y,; normally is large compared to the balance of the

denominator terms, and the o(y )R, term in the
denominator of Y, likewise is large compared to the
remaining terms.

The effect of the introduction of emitter resistance on
the input and the output admittances of the amplifier
are best shown by taking the ratio of the admittances
with and without R, present. This ratio is

Yi/Yid = {1 + [O'(y') + Yi*¥Ve RL]Re}/ (4_41)

[1+y;7e +y9RL + Yy 75 RE]

Consequently, the value of ¥, may be many times that
of ¥;4. In a similar manner, the ratio of the output
admittances may be calculated to determine the effect
of the emitter degeneration. This ratio is

Yo/Yoa = [1 + {(ysr + ys)R/[1
+ yo (R, + 1))
X [1/1 + (yoyRe/lyo
+ yeye (B + 1))

(4-42)

The second bracket of this expression has the value

0.5 < [1/{1 + (yeyRe/[yo

+ yiy(Rs + 1)) (4-43)

=10

Consequently, the value of the ratio lies in the range

o
.
Y

A

0.5 [1+ (y« + ys)R. ]é

1+ yo(Rs + 1)

(yi' + yf’)Rf ]
1
I: + 1+ ?Ji’(Rs + Tb')

The term in brackets can have a value that is large
compared to unity, so that the output admittance is
strongly affected by emitter degeneration, just as is the
input admittance.

4-7
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4-4 SYMBOL TABLES AND
DEFINITIONS

One remaining preliminary of considerable impor-
tance to the designer and the user of this book is a
listing of the special symbols used for identification of
different typical operating conditions. A completetable
of definitions used in this book is included in the List
of Symbols, and only the most important symbols and
parameters, along with their definitions,are considered
in this chapter.

The identification of the different current, voltage,
and admittance values for typical operating conditions
with transistors should be sufficiently complete to ena-
ble the user to identify his different conditions of opera-
tion easily and consistently, so that all other users will
know the significance of his symbols. For this reason,
it has not been possible to delay seclection of ter-
minology until the standardizing committees both
recognize a need, and also recognize that something
must be made available for the user.

The behavior of a nonlinear circuit may be expressed
in terms of voltage differences, or it may be expressed
in terms of the small-signal characteristics of the circuit
as a function of operating conditions. The usual
method of doingthis has been in terms of voltage differ-
ences. This method is satisfactory as long as the ac-
curacy requirements are comparatively small and the
design criteria are sufficiently flexible to permit ample
dissipation margins. Unfortunately, the developmentof
compact, light-weight, low-power equipment is not
readily possible when voltage-difference methods are
used, because it is 1.0t possible to tell in sufficient detail
what the characteristics of the circuit are. For similar
reasons, it is desirable that the values of the small-signal
data be identified at several differentpoints if the design
is to take into account the range of variation to be
expected in the active devices. A detailed study of the
methods of evaluating distortion in amplifiersis given
in condensed form in Radio Engineering Handbook
(Ref. 1). For that reason, only the results are included
here. One derivation that seems to offer difficulties to
many is worked out in Appendix A. The amplitudes of
other harmonic components may be determined in a

4-8

similar manner. The equations that apply when the
second harmonic distortion predominates, and when
the third predominates, are

D = 25(K, — K.)/(K, + K.) percent (4-45)

D = 100(K, * K, — 2K.,)/3(K,
+k, + 6K,) percent .

(4-46)

Orthogonal polynomial techniques are the best to use
when the variation of amplification with bias is not
uniform, because they make possible both the determi-
nation of the magnitudes of the harmonic components,
and the direct evaluation of the significance of the ir-
regularities that may be noted. The use of this tech-
nique is described in Appendix C.

The standard voltage, current, and immittance sym-
bols used with transistors include instantaneous total
values, the DC value, the instantaneous value, the max-
imum value of the varying component, and the supply
values. In addition, most-positive values, most-negative
values, cutoff values, average values, and total changes
are included in Tables 4-1 through 4-4 because these
values are of considerable importance to the design
procedures that follow. The tables are separated into
three groups, one for voltage symbols, one for current
symbols, and the third for admittance symbols. The
fourth includes the conductance symbols that may be
used at low frequency.

In the admittance and conductance tables, the
primes have been omitted. If the base-spreading resist-
ance is separated from the transistor, leaving an intrin-
sic internal device, then y, symbols and y, symbols
should be primed. It may in some cases be necessary to
prime the y, symbol, because the base-spreading resist-
ance affects the impedance of the base to ground, but
the y. parameter need not be primed under any condi-
tions.

In addition, the symbol definitions in Table 4-5 are
of considerable importance in the chapters to follow.

Table 4-6 tabulates the various important immit-
tance equations derived in this chapter and three im-
portant equations from Chapter 5. These equations
have been grouped in this form to facilitate their appli-
cation to design problems.
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TABLE 4-1
TRANSISTOR VOLTAGE SYMBOLS (Emitter Reference)

Conditions Base Collecior Emitter Input Output
Instantaneous total Vg vo vE vs vo
d-c (no-signal) Vs Vo Ve VS Vo
Instant. signal

component ) Vs Ve Ys Ve
Max. value of

varying component Vau Venu Veu Vs Vou
Peak positive bias Voo Ver Ve Vip Vop
Peak negative bias Vion Ven Vin Vin Von
Cutoff bias Vs Ve Ve Vu Vos
Average value Via ch Vun Vm Vi
Total change An, Av, Av, Av, Av,
Value for max.

collector dissipation Vom Vim Vim
Supply voltage Ves vee Ve vss Voo

TABLE 4-2

TRANSISTOR CURRENT SYMBOLS

Conditions Ematter Base Collector Input Output
Instantaneous total 15 iB 1o 1s 1o
d-c value, no-signal Ig Ip Ic Is Io
Instantaneous signal . ) . . )

component ¢ 23 e 1y o
Max. value of

varying component Y Ipn Toum Isu Tou
Peak positive bias I, I, Iep Ly Loy
Peak negative bias Lo Ion Ion I Lon
Cutoff bias I.. Iss 1., I, I,
Average value 1o e L L Ioa
Total change At, At Ai, Ato
Max. collector

dissipation I-m [bm [cm [nm Lom

TABLE 4-3
TRANSISTOR ADMITTANCE SYMBOLS "' (Common Emitter)
Output Admittances
Conditions Input Forward Short-Input-Open Amplification

Instantaneous Yi Yr Yo Ye K
Static value Y Yre You Yer K.
Peak positive bias Yip Yrp Yoo Yep K,
Peak negative bias Yin Yrn Yon Yen K,
Average value o Yyta Yoa Yea K.
Total change Ays Ayy Ay, A%, AK
Conversion 0.25Ay 0.25Ay, 0.254y, 0.25Ay, 0.25AK

*Short-Input-Open means that the output admittances in the
left column are taken with input short-circuited; those in the right
column are taken with input open-circuited.
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TABLE 4-4
TRANSISTOR CONDUCTANCE SYMBOLS * (Common Emitter)
Conductance Output Conductance
Conditions Input Forward Short-Input-Open Amplification

Instantaneous i 9 o ge K
Static value Gis grs Gos Ges K,
Peak positive bias Fin 9rp Gop Gep K.
Peak negative bias Gin Gin Gon Gen K,
Average value Yia gra oo Gea K,
Total change Agi Agy Ago Age AK
Conversion value 0.254¢; 0.25Ag, 0.254¢0, 0.254g. 0.25AK

*Short-Input-Open means that the output admittances in the
left column are taken with input short-circuited; those in the right
column are taken with input open-circuited.

TABLE 4-5
COMMONLY USED SYMBOLS

tg

i

Current gain from emitter to collector

Current gain from collector to emitter

Current gain from base to collector

Current gain from base to collector.

Alpha cutoff frequency, the frequency for which the current gain, common-
base, is 70 percent of the low-frequency value.

Flicker-noise corner frequency

Upper noise comner frequency

Maximum frequency at which a power gain = unity can be obtained with
a transistor

Frequency for which | ;| = | 8] =1

Input capacitance, base to emitter

Base-spreading resistance

Collector capacitance, base bypassed to ground

Collector capacitance, base not bypassed to ground

Emitter series resistance (within the semiconductor)

Collector series resistance

Time for current to rise from minimum to maximum nominal value in
switching circuit

Time for current to fall from maximum magnitude to nominal minimum
value in switching circuit

Ohmic delay time. Interval between the rise of the applied input pulse and
the start of the rise of the output pulse generated by minority carriers.

Storage time. Time interval between the start of fall of the input pulse and
the start of the decay of minority carrier flow at the output.
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TABLE 4-6
IMMITTANCE EQUATIONS

Equations for Common-Emitter Amplifier

‘When Ty = 0:
Yi = vl + yRe)/[1 + yoBe + %iR(2 + yR1)) 4-3r
Y =yl + Z/cRL)/(l + yaRL) 44r
Y.f = Z/_f/[l + Z/aRL + Z/-'R.(l + Z/CRL)] 4-5r
Y, = (ya + Z/ich.)/(l + Z/-'R.) 4-18
When r = 0:
Yi = g1 + yRe)/[1 + yoRr + yir(L + y.Ri)(rer + R.)] 4-22
Y. =9l + yBo)/[1 + yoBe + yirrse(1 + y.Rir)) 4-23
Yy =y /Il + yoBr + yir(1 + yeRL)(re + Ru)) 421r
Yo = [+ girtelrer + RV + yar(rer + R 4-24
Equations for Common-hase amplifier
When r, = 0:
Y = (o) + yiyRL)/I1 + yoRr + o(¥)Re + ysy.R.RiLl 4-13
Yo = (e(y) + yiyeRe)/(1 + y.R1) 4-14
Y = (yr + 9)/11 + yoRe + o(y)Rs + pyRRL] 4-5r
Yo = (yo + Z/icha)/“ + o(y)R.] 4-19
When ryr 5% 0:

Ya. = lo@') + yiye(rer + R1))/
{1 + yuRe + o (¥ )Re + yirlror + Ye(rorRe + roBr + R.RL))| 4-26

Yo =le(@) + yiye(ror + RV + yoRe + yirree (1 + yeR1)) 4-27
Yo = e + Yo + yiver))/
[+ yoRe + o(y')Rs + yirlry + yo(roeRy + ro B + R.RL))]  4-24r

Yo = [t + girtie(ror + RV + girer(1 + yoRe) + o(y)'Ri] 4-28
Common Collector Configuration (Ry replaced by R,)

When rpr = 0:
Yie = Z/o'(l + y,R,)/[l + G'(Z/)Re + %’R:(l + chc)] 4-15
Y = yi(1 + y.Re)/11 + U(y)Rs] 4-16
Yie = (yi + y)/11 + o@)Bs + 4:R(1 + yeRe)] 4-10r
Yoo = [U(y) + yicha]/[(l + Z/.'Rn] 4-20

When 70 # 0:
Y.'“ = Z/i'(l + Z/cRs)/[l + V(Z/’)Rc + y"'(l + chg)(Tbl + Rl)] 4-33
Yie = yar(1 + Z/nRs)/[l + V(y,)Rs + Z/i"rb'(l + chc)] 4-33a
Yo = (gir + ye)/I1 + o )Re + yis(1 + yoRo) (r + Ri)) 4-32r
Yoo =lo@) + w¥e(rr + RV [1 + yor(rer + R)] 4-34

Complete Emitter-Degenerative Amplifier
Yl'd.l = Z/o"[]- + yc(Rs + RL)]/
1+ yRr + oy )R + yir((nr + Ri) + yo(ReRL + (ror + R)(R. + R1)))] 4-38
Y = yi’[l + yc(Rs + RL)I/
1 + yRe + a(¥)R: + yirlry + ye(ReRr + n(Be + RN 4-39
Y = lyr — yiyR)/
1 + %Ry + o(y)R, + yil{(re + B + y(RB.Br + (o + R)(R. + RL))]  4-37r
You = [yﬂ + yi’yc(rb’ + E. + Rn)]/u + V(Z/,)Rc + yi’(rb’ + Rc)(l + Z/cRc)] 4-40
Feedback Degenerative Amplifier
Yi; = lyo(1 + Yro) + yiryeRe(l + Yror) + o(y')YRL)/
1 + yRr + yone(l + y R + YRL)) 5-32
Yoo =lyp + Y1 ~ yirsnl/
[l + YR, + yoBr + yur(re + R)(1 + y.Be + YRL) + o(y')YR.RL]  5-31r
Yﬂf = lya(l + YR, + yi’yc(rb' + R:) + Y(l + Z/i’rb’)]/
[l + ya(re + R)) + YR 5-33

REFERENCE

1. K. Henney, Ed., Radio Engineering Handbook,
Fifth Ed., McGraw-Hill Book Co., Inc., New
York, 1959, Chapter 12.
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CHAPTER 6

DESIGN OF TRANSISTOR Ac AMPLIFIERS

5-0 INTRODUCTION

The steps in the design of transistor amplifiers are,
first, the preparation of a static design (or climate),and,
second, the developmentof a small-signal, or dynamic,
design. At the same time, the appropriate basic config-
uration for use with the active device must be selected.
Because of the stability problem that develops with
transistor circuits, the biasing configuration must be
designed with considerable care. For this reason; the
biasing problem is considered separately in Chapter 6.
The static design procedure for use with transistors is
relatively complex because neither of the input varia-
bles is negligible in any transistor configuration.

The specification of an appropriate static operating
contour for an amplifier is based on the selection of a
load line that permits the development of the required
power output with conservative values of peak voltage,
peak current, and peak power. The projection of this
contour on the collector curve family usually is a
straight line with a common-emitter amplifier, but it
may be slightly curved for either a common-base or a
common-collector amplifier. The discussion to follow
considers first the full design procedure for the com-
mon-emitter R-C amplifier under several typical load-
line conditions, and then similar problems for com-
mon-base, common-collector, and degenerative
configurations.

5-1 COMMON-EMITTER A-C
AMPLIFIERS

The construction of the static output load line for an
R-Camplifier is based on the location of its two end
points. One of these points is defined by the coordinates

Voo» O, and the second by the coordinates O,
Vec/R;. The basic load contour is a straight line drawn
through these two points.

Once the load line has been constructed on the out-
put curve family, it must be transcribed to the input
family. This process of transcription is casily accom-
plished if the preferred form of static data described in

Chapter 2 is used together with the curvesin Appendix
F. In Fig. 5-1, the intersection of the load line with any
of the base-current contours may be noted, and the
intersection point transferred vertically across to the
corresponding base-current contour on the input
family; this is done with each of the intersection points.
Next, the input contour projection of the load contour
may be drawn through the various transcribed points,
and the data on input voltage and input and output
current and output voltage may be tabulated, giving a
complete set of static data.

The value of the voltage level in the base circuit is a
function of the operating temperature of the transistor,
and consequently will fluctuate considerably, but the
voltage change from one base-current contour to the
nextisrelatively fixed. Asa result, the bias stabilization
problem involves primarily the static behavior of the
active device.

Once a trial static design has been selected, it is
necessary to make a small-signal design to see if the
static design provides an environment that makes avail-
able the required kind of operating conditions. This
phase of design is of particularly critical importance,
since it controls the eventual reliability of operation of
the circuit. The importance of getting the desired oper-
ating conditions with minimum dissipation and mini-
mum potential stresses cannot be overemphasized. Be-
cause power dissipationis dependent on the product of
voltage and current, and is a function of static behavior,
and the adequacy of the signal behavior is dependenton
the small-signal characteristics, coordination of the two
types of design requires a coordination of the static and
small-signal characteristics. This kind of coordination
is easily accomplished when conductance-type data
sheets are used (Fig. 5-2), and a mean-square approxi-
mation to the small-signal data may be obtained by
using the polynomial technique of Appendix C.

After the load contours are properly plotted on the
input and output families of curves for a transistor, the
values of the small-signal parameters at each of the
intersections of the base bias contours with the load
contour may be tabulated, and the appropriate values
may be used with the equations derived in Chapter 4

5-1
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in the calculation of the amplification and the driving-
point admittances. For ordinary low-frequency opera-
tion, the black-box equations may be used directly, but
for high-frequency operation, the effect of base-spread-
ing resistance must be taken into account in the
design.*

It is seldom possible to use a single-load contour for
both the static and the small-signal operation of a tran-
sistor amplifier because the input admittance of transis-
tors is relatively high compared to the usable output
admittance level. Because the single load-line design
forms the basis for handling all commonly used stand-
ard types of circuits, it is considered first. Example 5-1
shows the procedure.

*The nomograph provided in Appendix G may also be used if
desired.

EXAMPLE 5-1.  Design an amplifier utilizing a
type 2N592 (348) transistor, the supply voltage being
30V, and the circuit as in Fig. 4-1. Calculate the am-
plification as a function of base current, and select
operating conditions that will limit the distortion to
5%. Determine the values of the intrinsic parameters
g; and g, using Eqs. 2-13 and 2-15. The load resistance
is 6000 ohms, and the base-spreading resistance is 230
ohms.

The static and small-signal data for the transistor are
listed in Table 5-1.

These data show that if correction for base-spreading
resistance is important, the selected values for the con-
tours for g,and g must be more closely spaced for high
values of base current if’ good data on g;. and g-are to
result. The extra values are required in the calculation
of the value of the expression (1 —g;r,) in Egs. 2-13
and 2-15 because the product g, may have a value
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Fig. 5-1. Typical Load Contours
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Fig. 5-2. Complete Data
TABLE 5-1
PARAMETER AND VARIABLE DATA
1, Ve g gr ge g gir ar I,
ua volts pmho pniho. wmho  pmho pmho pmho ma
25 24 900 30,000 5.2 15 1135 37,830 1.0
50 18 1300 52,000 13 30 1860 74150 2.0
75 12.3 1700 70,000 26 45 2794 115,000 295
100 7.6 2000 80,000 44 80 3700 148,000 3.72
125 34 2200 90,000 70 120 4453 182,200 4.42

5-3
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approaching unity. The contours presented in Fig. 5-3

are of limited direct use for design at high frequency for
the same reason. Because of the effect of the base-

spreading resistance and emitter-current choking ef-
fects, the value of grcan reach a maximum and then
decrease slowly as the collector current is gradually
increased (Fig. 5-4).

The amplifications and the driving-point admit-
tances may now be determined. For this calculation, it
is convenient to take the values of R, of 0, 500, 2000,
and 10,000 ohms to show the effect of the source
impedance. Typical results are listed in Table 5-2

The values of ¥; may be calculated both on the basis
of the straight black-box parameters and also on the
basis of the intrinsic parameters, and give approxi-
mately the sameresults. In a similar manner, the values
of Y are the value of output admittance with

o min

-5

=0,and Y, . the value with R, = 10,0000hms.
In Eq A- 10 Appendlx A, the dlstortlon in an am-

plifier, assuming a lincar variation of amplification
with bias current, reaches 5% when the maximum am-
plification is 50% greater than the minimum, or, with
a minimum amplification of 20, the maximum would
be 30. The usable ranges are tabulated in Table 5-3.

The best operating conditions for minimum distor-
tion are with an input source impedance of about 2000
ohms because the voltage gain is considerable and the
distortion also is quite small. For a more accurate cal-
culation of distortion with R, > 2000 ohms, the tech-
nique of Appendix C should be used.

After the bias ranges have been selected for the am-
plifier as a function of the source resistance R, ,the
required value of base-bias resistance may be selected.
Table 5-3 shows that the range of bias is from 25 to 125
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Fig. 5-3. Curves of 2N592 Transistor for Example 5-1
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Fig. 5-4, Loop-back in Forward Conductance Contours for Example 5-1

TABLE 5-2
AMPLIFICATIONS AND ADMITTANCES
Bias K, Kin K 2000 Ki0,000 Y Yo min Yo max
25 —-175 —118 —-60.2 —16.6 950 5.2 14.0 pmho
50 —287 -169 —~75 =21.5 1424 13 28.8
75 —370 —183 =733 —174 1900 26 439
100 -380 —-175 —66.4 —15.4 2340 44 785
125 —381 —-173 —64 -13.7 2670 70 118
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RA, giving a Q-point current of about 75 pA. Since the
supply voltage is 30 V, the bias resistance required is

R, = 30/(75 x 107 = 400,000 ohms

The input coupling capacitance C, is determined in
terms of the input admittance calculated in Table 5-2.
The capacitance may be determined in terms of the
minimum operating frequency / and the equation

C, = Y;/@2nfy)

A rather large value of capacitance normally is re-
quired because the input admittance for the transistor
is large.

5-2 COMPOUND LOAD LINES

A transistor R-Camplifier is seldom used under con-
ditions that a simple load-line configuration applies.
Consequently, the problem of handling compound load
lines is of considerable importance to the circuit de-
signer. First, a static load line must be plotted as has
already been described, and then a suitable static oper-
ating point must be selected and the dynamic or active
load line determined.

The load resistance selected for use with a transistor
must provide the amount of collector current required
for proper operation. This selection is one of the most
important, yet poorly understood operations to be per-
formed. The maximum available collector current must
be sufficiently large so that the peak current required
under load can be obtained without driving the transis-
tor into saturation. For this reason, the maximum cur-
rent at saturation along the static load line should be
greater than 0.6 of the peak-loaded collector current
(Fig. 5-5).

The positioning of the dynamic load contour for
maximum available balanced output signal, given spec-
ified values of static load resistance and dynamic resist-

ance, may be established in terms of the'ratio of the
resistances

t = RLD/RL or Rip =tR. (5-1)

The coordinates of the static operating point in terms
of the supply voltage and the static resistance are then

Ve =tVee/(t + 1) 5-2)

Ic = Vcc/<RL(t + 1)) (5'3)

These equations are derived by the simultaneous solu-
tion of the basic relations

Ve = Ve — tIcR, (5-4)
Ic =1.~ V¢/R, (5-5)
Ve=Vec — IcR. (5-6)
Io=1,, — Vo/(tRy) (5-7)
VG =2V, (5-8)
1, =2I¢ (5-9)

In these equations, the points specifying /., and 7, are
shown in Fig. 5-5.

The given equations show that the value of Z, need
be only somewhat greater than the valueof /,,. In no
case, with symmetric deviation, can it be as great as
twice /,,, since it has to have a value twice I, For this
reason, a convenient starting point for design of a tran-

TABLE 5-3
AMPLIFICATION AND DISTORTION
Nominal
Bias range Amplification range distortion R,

50 to 125 —287t0 —381 3.5% 0
25 to 125 —118to —175 4.% 500
25to 125 —60.2 to —75t0 —64 1.4 (third) 2,000
25 to 125 —16.6to —21.5to0 —13.7 2.7 (third) 10,000

5-6
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Fig. 5-5. Combination Load Lines

sistor amplifier is the selection of the collector current
under dynamic saturation conditions. The value of the
static saturation current selected may be approximately
three-quarters of the dynamic saturation current, and
its product with the collector supply voltage should be
lessthan twice the rated collector dissipation if the peak
transistor dissipation is kept within bounds. Then set-
ting the static saturation current at three-fourths of the
dynamic value leads to a dynamic load resistance half
the static value, or # = 0.5.

Since combination load lines must be used with
transformer coupled amplifiers and many transistor-
ized amplifiers, the general technique of handling such

designs is described next, and the application to trans-
former-coupled amplifiers is considered in Chapter '7.
When an amplifier having different static and dy-
namic load lines is required, the design procedure fol-
lowed differs in minor details from that for the simpler
form of amplifier. First the static and dynamic load
lines are plotted, and the static operating point, the
Q-point, is located as previously described. It is un-
necessary for the static load line to be transcribed to the
input family, as the signal behavior is controlled by the
dynamic load line. The intersections of the dynamic
contour with the various base-current contours are
transferred to the input family just as has already been

5-7
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described, and the small-signal calculations are made
using the parameter values read at respective intersec-
tions along these contours. The complete procedure is
required even with cathode followers and emitter fol-
lowers. All small-signal calculations must be based on
data taken from the active or dynamic load
contours.

EXAMPLE 5-2. Design an amplifier using the
2IN592 transistor, with a static load resistance for the
collector circuit of 10,000 ohms, and a dynamic load
resistance of 5000 ohms. The collector supply voltage
is 25V,

The calculation of g;- and g+ and the remaining
corresponding calculations made in Example 5-1 are left
for the reader.

First the load contours are drawn as shown in Fig.
5-5. Then the small-signal data may be tabulated and
the various calculations performed. Input conditions
for the amplifier are taken the same as in Example 5-1.
The nominal value of 7, is 2.5 mA, and using Eq. 52
the collector voltage at the Q-point is 8.3 V. The static
collector current is 1.67 mA. Solving Egs. 5-2 and 5-3
for I, in terms of V.., R,, and ¢ gives

I, =2Voo/{R,(1+1t) (5-10)

Substituting gives a peak dynamic collector current of
3.33 mA. The dynamic load line passes through the
points ( —16.7, 0) and (0, - 3.33).

" The small-signal data as a function of base bias are
listed in Table 5-4.

Using the value of R, of 5000 ohms and the trial
values of R, of 0, 500, 2000, and 10,000 ohms, the
amplifications and conductances may be tabulated asin
Table 5-5.

The data given in Table 5-5 show that the distortion
is less than 5% under the conditions in Table 5-6.

The data for R, = 10,000 ohms are irregular, largely
because of the g;g.RR; term. As a result, a least-
squares smoothing of the data by orthogonal polynomi-
als is required for determination of distortion. For val-
ues of R, as large as 10,000 ohms, the transistor behaves

as a current amplifier, and its current gain may be
expressed by the equation

KI =g//g,' (5'11)

5-3 FREQUENCY RESPONSE

The frequency response of transistor amplifiers like
those just considered is largely determined by the
source impedance of the input circuit in conjunction
with the input admittance characteristics of the transis-
tor. The base-spreading resistance of the transistor may
be lumped with the impedance of the voltage source in
initial calculations, but it must be included separately
when the source impedance is small.

The first step in making a calculation of the fre-
quency response of a transistor amplifier is the determi-
nation of the a-cutoff frequency. Usually this fre-
quency is given on the data sheet for the transistor. If
it is not, however, it may be measured approximately
in the laboratory. Because the value of this frequency
is a wide-tolerance parameter, 1.e., there is a considera-
ble range within which it may lie, it is necessary that
test measurements be made on a number of sample
devices. A discussion of the a- and B-cutoff frequencies
is included in Chapter 2.

The effective input capacitance of the transistor may
be approximated next, since it is determined by the
equation

wCi = (g: + 9 = (g + gr) = 20f,C;  (5-12)

Because the total input capacitance is a function of both
the emitter (or collector, approximately) current and
the base-to-emitter voltage, the value of C, varies from
point to point over the operating area. For this reason,
it would be convenient if designers had contour plots
of the input capacitance as a function of collector cur-
rent and the input voltage. The user then could easily

TABLE 5-4
SMALL-SIGNAL DATA
I Ve I, g 9r 9o ge
0 15.9 0.16

25 12.5 0.84 850 25,000 6 13
50 8.3 1.70 1300 45,000 17 32

75 4.1 2.52 1600 61,000 40 55
100 0.9 3.14 2000 72,000 110 200
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TABLE 5-5
AMPLIFICATIONS AND CONDUCTANCES
Ya min Y, max
L K, Koo Kono K10,000 Y, micromhos
25 —121 —84.5 —44.0 —-12.4 1080 6 12.2
50 —-207 —122 —44.8 —-10.8 1390 17 31
75 —254 —-137 -57.8 —-14.1 1700 40 54
100 -232 —101 -37.7 —-8.2 2580 110 196
TABLE 5-6
CONDITIONS FOR < 5% DISTORTION
Value of R, 0 500 ohms 2000 10,000
Bias range 50-100 50-100 25-100
determine the approximate amount of capacitance with Yo =g + jwCi,

which he must deal.

Fig. 5-6 shows the effect of variation of the source
resistance R, on the frequency response of an ideal
transistor having negligible base-spreading resistance.
Under such conditions, the limitation on the maximum
operatihg frequency of the transistor is largely deter-
mined by the values of the Q-factor for the tuned cir-
cuits that may be used with the device. If the imped-
ance of the signal source is zero, the input reactive
power into the amplifier rises linearly with frequency,
whereas the output power remains relatively constant
until output capacitance loading causes it to decrease.

If the power-gain equation in Chapter 2 is rewritten,
making the substitutions

L WA A ¥

where lwGl > 1 >y, Ry =y R and, includingr,, it
takes the form

K.Ki/(g7RL) = 1/(gs — juCy)
[ + (g« +ij-') (B, 1)}
(5-13)

where the remaining terms in the denominator have
been neglected because of the above inequality. For
frequencies large compared to the B-cutoff frequency,
this reduces to

5-9
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K.K:/(giRL) = 1/(—jwC[1 + gu(B. + 10)
+ jwC«(Ry + 1)) (5-14)

Clearly, below the S-cutoff frequency, determined by
&= w(;, the power gain is independent of frequency,
and above, it decreases at least at a rate of 3 dB per
octave. Above the frequency for which the second term
in brackets has equal real and imaginary parts, the
decrease is at the rate of at least 6 dB per octave.

A nomograph may be prepared to solve the elements
of this equation. One prepared for the solution of either
section is shown in Fig. §-7. One of the scales of this
nomograph is designated by gand . It may be used
with values of

@ +0 g0 T, o RaAm)

in the calculation of either frequency response or input
capacitance, depending on which is required.
The first step in calculation requires use of elements
1, 3, and 5 in relating the 8-corner frequency to the
input capacitance and input conductance. These lines
may also be used to calculate the comer frequency
generated by the total source resistance, including base-
spreading resistance, and the input capacitance. Lines
1, 2, and 4 may be used to calculate the value of a
, conductance-resistance product, and may be used in
the calculation of such products as

goBy, giry, go(Be + 1o)grRe, (g7 + go)R1,
‘U(g’)RL, gORL

and similar terms. They may also be used for the calcu-
lation of (g;:R,Ng,R;) and similar terms by using the
g;+ scale on line 4 for (g,R; ) and the (R, + 7"} scale on
line 1 for (g;'Ry).

If the value of & "(Rg +r;,’)is less than 25, then it is
necessary to use scales 5, 6, and 7 to correct for the
& (R, *r,’) in the determination of the corner fre-
quency for the voltage-gain expression, but if it is
greater, then the corner frequency is approximately the
B-corner frequency determined by wC, = g;'- When
the correction is required, the value of the product

5-10

g;/(Rg+ry ) found on line 2 is transferred to line 7, and
the intersection of the straight line joining the fre-
quency on line § with the appropriate product on line
7 with line 6 gives the corrected frequency. As the value
of g;(R, tr,-)becomes large compared to unity, the
corrected frequency approaches closer to the
B-cutoff frequency.

The axis line crossing scales 1, 3, and 5 in the draw-
ing shows the calculation for &' = 0.013 mho,
C, = 16,000 pF,and w = 27/ = 800,000 rad per sec.
Similarly, the axis line crossing scales 1, 2, and 4 shows
the calculationfor g;- = 0.009 mho, (R; € 7p") = 230
ohms, and a product of 2.0 units. This point on scale
2 is transferred to scale 7 to complete the calculation
of &' as 1,600,000 rad per sec.

The scales 1, 3, and 5 may be used for calculation of
the a-cutoff frequency in terms of (g;"+ g;') and Ciand
the second scale for 8 on line 7 may be used to convert
the result to the upper noise comer frequency. The
reader will find this nomograph useful for many fre-
quency-response calculations of a similar nature.

The collector transition capacitance can introduce a
feedback component that will alter the frequency re-
sponse of an amplifier. In resistance-coupled amplifi-
ers, however, the load impedance in the collector cir-
cuit is sufficiently small that its effect usually can be
neglected.

EXAMPLES-3, Determine the variation of the 3
dB frequency with input resistance for the 2N592 tran-
sistor, assuming its a-cutoff frequency is 0.4 MHz, and
its 3 is 40. Take g = 50,000 micromhos, g, = 1250
micromhos, andr,-= 230 ohms.

The B-cutoff frequency may be read from the nomo-
graph as 9800 Hz. To do this, first the value off, and

the value of S g,/ arc used to calculate C;, and this
value of C; used with the value of g, to determine .
Next, the miniman value of g;r,- may be deter
mined, and the maximum operating frequency is deter-
mined in two steps. First the frequency w; correspond-
ing to values of C; and 7, may be found with scales 1,
3,and 5, and then the value of w;, on scale § converted
to the maximum operating frequency on scale 6 by the
we of the value g; 7, on scale 7. The value of wj is,
because C; = 21,000 pF, approximately 34,800 Hz, and
a final corrected frequency of 44,900 Hz. The highest

possible operating frequency of this transistor as a
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Fig. 5-7. Calculation Nomograph

voltage amplifier with less than 3 dB roll-off therefore is
44,900 Hz, and the lowest, 9800 Hz. Fig. 5-8 shows the
variation of the corner frequency with R,

and from device to device of a given type of transistor.
A tolerance range of £=20% is usually more than ade-
quate for the forward conductance, but with many
transistors the tolerance required on the input admit-
tance may be as large as —50%to +100% or more.

A narrower range of tolerances is required for the
fixed components used with the circuit. The process of
checking for the effect of tolerances is not as complex
as that which is used with triode tubes (Ref. 1).Because
a good explanation of the procedure is contained in

5-4 TOLERANCE CHECKING

One of the important steps in the process of design
of circuits is the checking to determine the conse-
quences of variations of the values for both the fixed

components like resistors and also for the values of the
small-signal parameters. The most important parame-
ter of the transistor in tolerance checking is the input
admittance, inasmuch as it is the most variable impor-
tant factor. The two output admittances do vary appre-
ciably, but their effect on the design is normally much
less significantbecause of their relatively small magni-
tude. The forward conductance is a most important
parameter, but its value is surprisingly stable with time

Ref. 1, only a sample problem is included in this book.

EXAMPLE 5-4. Assume that transistors for use
in the circuit of Example 5- 1 have approximately equal
values of internal transconductance (equal gf' values),
but that the range of input conductance, for a given
collector current, is from 70% to 150% of rated value.
If the base-spreading resistances of all the transistors of
the lot are approximately equal, calculate the amplifi-
cations and the input and output conductances for the

5-11



AMCP 706-124

limit transistors. Take the value of r,' as 230 ohms,
assume that the values of g5, g,, and g, are unchanged
from Example 3- 1. The results are shown in Table 6-7.

The values of distortion for these various ranges of
bias current should be determined using orthogonal
polynomials. Table 5-8 includes only rough approxima-
tions to the actual values.

A similar solution may be prepared for the condition
of reduced base current and base conductance as given
in Table 5-9.

The values of g,-have been copied directly from the
original example, the values of g;* have been scaled up
or down from those of the original example, and the
appropriate terminal values of g; and g, calculated. The

4Q000T
30,0001
/M
=4
~
N
20,000 4
y
10,000+
1 1 I
Fig. 5-8. Frequency Variation for Example 5-3
TABLE 5-7
g 50% HIGH
Iy V. SI ar ge ge gir gr 1.
375 24 1223 27,200 52 15 1703 37,830 1.0
75 18 1750 48,500 13.0 30 2790 74,150 20
1125 123 2130 58,500 26 45 4191 115,000 295
150 76 2440 65,000 44 80 5550 148,000 372
1875 34 2650 72,200 70 120 6680 182,200 445
Iy K, Kino Ko Ki.000 Y; ) Y. max
375 —158.6 —96.6 —44.2 —-11.4 1294 52 14.2
75 —254 —135.9 —53.1 —-12.7 1914 13 291
1125 -309 —141 —538 —124 2382 26 441
150 —309 —-127.0 —46.0 —10.8 2860 44 786
187.5 —308 —-117.2 —41.1 - 92 3220 70 118.2
TABLE 5-8
DISTORTION ESTIMATES
R, I, range K range Distortion Component
Zero 75-187.5 254-309-306 3% Second
500 37.5-187.5 96.6-141-117.2 2.2% Third
2,000 37.5-187.5 44.2-53.6-41.1 1.8% Third
10,000 3751875 11.4-12.7-9.2 1.3% Third
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TABLE 5-9
g 30% LOW
I, ve gi gr go g Gir gr I,
175 24 672 32,000 52 15 795 37,830 1.00
85 18 1002 57,000 13 30 1304 74150 2.00
525 123 1349 79,400 26 45 1956 115,000 2.95
70 76 1622 92100 44 80 2590 148,000 372
875 34 1816 106,100 70 120 3120 182,200 445
Ib Ko KEOO K2000 KIO.OOO Yt' Yn min Ya max
175 —186.6 —1374 =770 —22.9 711 52 137
35 —3146 —138.0 —99.3 —26.5 1097 13 284
525 —420 —239 —104.4 —26.1 1508 26 437
70 —441 —226 —91.8 =220 1900 44 779
875 —450 —213.7 —83.2 —19.5 2200 70 1174
TABLE 5-10
RANGE OF OPERATION AND DISTORTION DATA
R, Iy range K range Distortion Component
Zero 35-87.5 314.6450 4.5% Second
500 35-87.5 204.8-239-213.7 1.19% Third
2,000 17.5-87.5 77-104.4-83.2 2.1% Third
10,000 175-87.5 229-26.5-19.5 1.8% Third

range of operation and distortion data may be tabulated
as in Table 5-10.

Once again, if reasonably exact data on distortion are
desired, orthogonal polynomial techniques should be
used.

The range of the effect of the parameter variations is
large, and it must be allowed for in the process of
design, either by the use of degeneration or by the use
of special compensation techniques. Examples of such
compensation may be found in the paragraphs on feed-
back amplifiers, pars. §-7 and 5-8.

6-5 THE COMMON-BASE AMPLIFIER

The common-base amplifier is seldom used asa com-
ponent of an R-C amplifier chain because of the fact
that the current gain available is somewhat less than
unity. Unless the interstage coupling circuit is capable
of generating a current gain, therefore, no net amplifi-
cation results in a series of cascaded common-base am-
plifiers.

The first step in the design of this type amplifier is
the selection of an appropriate load contour. As with
the common-emitter amplifier, it is convenient to plot
the static and dynamic load contours on the output
curve family, and then transfer them to the input

family. However, because the characteristic curves are
commonly presented with the emitter as the reference
electrode, a correction must be made for the fact that
the output circuit now is from collector to base rather
than collector to emitter.

This correction is easily made once the input and
output contours for the load have been plotted in the
common-emitter configuration. At each intersection of
abase-current contour with the input load contour, the
base voltage may be read and added to the collector
voltage on the corresponding base-current contour for
the output curve family. A new corresponding point
may be plotted on the input family also, and a recorrec-
tion made if the base-current contour is not very nearly
horizontal. The resulting points specify the common-
base load contours for the input and the output curve
families. The geometrical construction is shown graph-
ically in Fig. 5-9.

Once the corrected operating contour has been estab-
lished on both the input and the output curve families,
then the balance of the design is routine. The values of
the small-signal parameters are read at the selected
points along the corrected operating contour and the
calculations made using Eqs. 4-25 through 4-28. The
input admittance for the common-base amplifier is at
least 10 to 100 times larger than that for the corre-
sponding common-emitter configuration, and the over-
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all power gain is correspondingly less, but for applica-
tions in which a wider frequency-response range is
required than can be obtained with the common-emit-
ter configuration, the common-basecircuit can be help-
ful. Example 5-6 gives an indication of the behavior
that can be expected from a medium-frequency transis-
tor used in the common-base configuration.

EXAMPLE 5-5. Using an HA-5002 transistor
(NPN type), a supply voltage of 5 V, a load resistance
R, of 500 ohms, and a base-spreading resistance of 70
ohms, design a common-base amplifier and determine
its circuit characteristics. Take the a-cutoff frequency
of the transistor as 1 MHz.

The equation for amplification for the common-base
amplifier, including base-spreading resistance, is

K = (yy + yo + yoyere)RL/(1 + yire + o(y)R,
+ yRr + yiy.(ro Ry + ro R + R.R.)]
(5-15)

The load line is plotted and corrected as described,
giving the contour shown in Fig. 5-10. Then the small-
signal data may be tabulated, and the input and for-
ward admittances converted to intrinsic values by the
use of the value for the base-spreading resistance. Then
the amplifications and the input and output admit-
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Fig. 5-10. Load Lines—Common-base Amplifier for Example S-5

tances may be calculated. The data in Table 5-11 show
these results, and include some adjustments in areas in
which the data are somewhat incomplete.

For this problem, the source resistance R, may be
selected as one of the values of 0, 5, 10,0r 20 ohms. The
amplification and admittance values are as listed in
Table 5-12.

The fact that ¥,,,, is larger than Y, ., is a result of
the fact that a small source impedance gives a large
output admittance, and vice versa.

The range of amplification that can be used for each
set of operating conditions and the distortion and avail-

able total voltage change in the output circuit may now
be tabulated as in the previous examples (Table 5-13).
The required value of source resistance is almost un-
believably small because of the correspondingly large
input admittance values noted in Table 5-12. The ap-
proximate value of input resistance varies over the
range from 7 to 30 ohms.

Frequency Response.  The frequency response of
the common-base amplifier is determined primarily by
the susceptance component of the input admittance of
the transistor. If the equation for voltage gain is revised
to include the capacitance, it takes the form
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TABLE 5-11
SMALLSIGNAL DATA
I I, V. g 9s gir gr! Jo ge
0 ua 0.3 ma 5.0 0 0 0 0 0 0
20 1.1 4.7 1600 30,000 1,800 33,100 8 12
40 1.8 44 2700 51,000 3,330 63,000 14 20
60 2.4 405 3700 61,000 5,000 82,400 21 38
80 3.1 3.8 4500 70,000 6,560 102,000 33 50
100 3.8 3.5 5000 80,000 7,700 123,000 39 72
150 5.5 2.7 5800 105,000 9,760 177,000 70 120
200 74 1.85 6500 125,000 11,900 229,000 120 180
250 8.7 1.5 6700 138,000 13,200 260,000 220 300
TABLE 5-12
AMPLIFICATIONS AND ADMITTANCES
micromhos
Ib Ko K6 Km K20 Y; Y 0 min Y, max
20 14.6 12.6 11.1 9.0 31,500 8.4 5.4
40 25.5 20.1 16.6 12.3 53,400 15.2 8.0
60 30.3 229 184 13.3 64,200 254 12.7
80 324 24.1 19.2 13.6 73,700 38.4 18.0
100 39.5 27.8 21.5 14.8 83,800 50.6 222
150 51.7 335 24.7 16.2 109,200 90.8 33.6
200 60.6 37.0 26.6 17.1 127,300 147.4 48.9
250 63.0 38.1 27.3 17.3 134,300 258 80.9
K = (9!’ + g)RL/[1 + o(g )R, + giT w = (14 gore)/reCs, R,—0 (5-17)
+ jwCi(R: + 1v)] (5-16)
TABLE 5-13 For the second condition, the equation takes the form
DISTORTION RANGE
R, Ave I range K range D
0 1.2 150-250pa  517-636  26% w = (gy +&p)Rs/{ny +RCy) = g
5 20 100-250 27.8-38.1 3.9% (5-18)
10 2.55 60-250 18.4~27.3 4.9%
20 2.9 40-250 12.3-17.3 4.2%

This equation has been simplified by neglecting the
terms involving ¥,/ ¥, and y, inboth the numerator and
the denominator. Two limiting conditions can be estab-
lished for the maximum frequency for the amplifier, the
first when R is small compared to 7, and the other
when R, »r,.. For the first condition, the following
limiting equation holds

5-16

The use of a voltage source gives an amplifier in which
the frequency limitation depends on the value of g,/ ,
whereas the use of a moderately large value of R, (a
constant-current source) gives a much higher limiting
frequency, approximately the a-cutoff frequency. This
mode of operation is used extensively for high-fre-
quency amplifiers. The further behavior of the circuit
is consideredin a later chapter.
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66 THE COMMON-COLLECTOR
AMPLIFIER

The common-collector amplifier is the transistor
equivalent of the cathode follower used extensively as
an impedance converter. This amplifier has properties
that are useful when a low-impedance signal source is
required, but it often can be replaced by a properly
designed common-emitter amplifier. The procedure for
design of the common-collectoramplifier parallels that
used with the common-base amplifier, but it differs in
several important aspects. The general method of de-
sign of this circuit is first discussed in the next few
paragraphs, and then an example is worked out to show
the detail steps required in determining the characteris-
tics of the circuit.

The construction procedure for the load lines re-
quired for the common-collector amplifier may be
based on those used with the common-emitter am-
plifier. As with the common-base amplifier, an adjust-
ment is required to correct for the changed configura-
tion, but the correction with this circuit is for
base-current flow in the output resistance. The effect of
this current is to increase the voltage developed across
the load resistance, and thereby to reduce the effective
value of the voltage from collector to emitter (Fig.
5-10). Unless the transistor has a very small value of
B, the change that results is very small, and often may
be small enough that it may be neglected.

Both a static and a dynamic load line must be con-
structed for use with this amplifier, as the normal dy-
namic value of load impedance may be a small fraction
of the static value, and it is impossible to make even
moderately reliable calculations of the amplifier char-
acteristics on the basis of the static load contour alone.
Under true small-signal conditions, where the excur-
sion is very small with respect to the Q-point, such a
construction may not be necessary, but if the emitter
current change is appreciable, both lines must be con-
structed. Even under small-signalconditions, an appre-
ciable change in gain and terminal impedances can
result from loading.

Once the operating load contour has been plotted,
then the values of the respective small-signal parame-
ters at the differentintersections of the load line and the
base-current contours may be tabulated as has been
done in previous examples. These data may be used
with Eqs. 4-32 through 4-34 for the calculation of the
operating characteristics of the transistor emitter-fol-
lower.

The frequency-response characteristics of the emit-
ter-follower are more complex than for either of the

amplifierspreviously considered because the capacitive
term appears in both the numerator and the denomina-
tor of the gain expression. As a result, as the operating
frequency is increased, first a knee is reached at which
the amplification decreases as a function of frequency
(the denominator knee), and at a higher frequency,
nominally the a-cutoff frequency, the amplification
once again levels off because of the knee in the numera-
tor polynomial. The two equations that govern the
behavior are:
roll-off knee

we = [gv + gr(R./e(R)) + 1/a(R)1/C; (5-19)
level-off knee
wy = (gi + g7)/C:i (5-20)

In Eq. 5-19, the value of or(R) is defined by the equa-
tion

o(R) = rv + R, + R, (5-21)

In these equations, if R, is large compared to the bal-
anceof o(R),or R, > ry+ + Rg, then the two frequen-
cies for the two knees are about equal, and a flat fre-
quency response can be obtained, but otherwise an
equalizing circuit will be required to compensate for
the roll-off between w, and w,.

EXAMPLE 5-6. Dectermine the characteristics of
an emitter-follower using a type GT 761 PNP transis-
tor. Take the supply voltage as 6 V, the value of R, (or
R;) as 1200 ohms. Assume that the value of the base-
spreading resistance is 75 ohms.

The reference load line may first be plotted as shown
in Fig. 5-11 and the corrected load contour plotted
from it. It is not necessary to read the values of the
voltage correction from the input family as was re-
quired with the common-base amplifier, since the
change in collector voltage is produced solely by the
base-current flow. After the corrections are made and
the corrected contour is plotted, it may be transcribed
to the input curve family in the usual manner. Then the
small-signal data and such static data as are required
are listed in Table 5-14.

The values of g, and g, for this transistor are very
nearly the same, indicating that the feedback conduc-
tance is extremely small. The very small value of base-
spreading resistance also is indicative of an excellent
input characteristic.

517



AMCP 706-124

The amplification and the input and output admit- Several things of interest can be noted from Table
tances of the common-collector amplifier are cal- 5-15. The first is that whereas the amplification with
culated by the use of Eqs. 4-32, 4-33, and 4-34. The  Z€T0 Source impedance (R, = 0) rises with base cur-
resulting data are given in Table 5-185. rent, the amplification decreases for the remaining co-
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Fig. 5-11. Emitter-follower Load Line for Example 5-6. R, = 12000

TABLE 5-14
DATA FOR COMMON-COLLECTOR AMPLIFIER

1y V. I. gi gr g’ gr' go ge
pa volts ma pmho pmho pmho pmho pmio pmho

20 4.98 0.80 370 27,000 380 27,700 17 20

40 4.04 1.59 800 53,000 852 56,400 43 49

60 296 247 1600 83,000 1818 94,600 80 100

80 1.92 3.30 1940 103,000 2250 119,400 130 130
100 1.00 403 2200 119,000 2630 142,500 195 190
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TABLE 5-15
SMALL-SIGNAL BEHAVIOR FOR COMMON-COLLECTOR AMPLIFIER
Ib Ko KlO K K20 K KW K KIOO K Y-' Yn min Yn max
ua umho micromhos
20 0972 0.873 0.794 0.622 0.458 10.9 28,080 6010
40 0.985 0.873 0.784 0.598 0.430 12.2 57.250 6460
60 0.992 0.845 0.736 0.530 0.361 15.6 96,420 5970
80 0.994 0.844 0.734 0.527 0.357 153 121,600 6420
100 0.994 0.840 0.727 0.518 0.350 150 145,100 7150
TABLE 5-16
IMPEDANCE VARIATION—EMITTER-FOLLOWER
R, ohms Zero 4,000 10,000 20,000 50,000 100 000
Y, micromhos 145,100 71,800 41,400 24,800 12,000 7,150

lumns. This indicates that for an intermediate value of

R, it should be possible to obtain a relatively constant,
value of amplification. In fact, if the value of &, is set

at 4000 ohms, the amplifications are 0.930, 0.938,

0.928, 0.929, and 0.927, values which for all practical

purposes are identical.

In addition, the input admittance that is available
with the circuit is rather lower than might have been
expected, in that it is equivalent to 60,000 to 100,000
ohms. Such a circuit has the characteristics that are
required with signal repeater circuits. The output ad-
mittance, however, which is very high for values of
R, near zero, is relatively small for the higher input
resistances. It is actually quite stable, as is the input
admittance, corresponding to about 175 ohms com-
pared to the 8 to 30 when the value of R is nearly zero.

It is of interest to seejust how the output admittance
of the amplifier varies with variation of the value of
R, The data required are given in Table 5-16, and the
result is plotted in Fig. 5-12.

These data are tabulated for a base current of 100
MA.

It is clearly evident that if the lowest possible output
impedance, or highest admittance, is required with a
very low source admittance, it is necessary to cascade
emitter-followers. For example, using two of the cir-
cuits in cascade yields a source admittance of about 15
micromhos, and, even when used with a source resist-
ance of 100,000 ohms, may be expected to develop an
output admittance of several hundredths of a mho. Tt
is important that a separate emitter load resistance be
used with the input emitter-followerif full advantage of
the transforming action is required.

The distortion developed in emitter-follower amplifi-
ers is extremely small, but because the amplifier re-
quires a drive signal equal to the output, the low-distor-
tion feature is at least somewhat illusory. In addition,
the distortion is very strongly dependent on the magni-
tude of the load admittance because the voltage devel-
oped across the admittance is re-introduced into the
input circuit to help provide the stabilization. For these
reasons, even more than ordinary care must be used in
the design of routine emitter-followers.

The frequency response that may be obtained with
the amplifier whose design is developed above may be
obtained from the equations for response derived pre-
viously. Because the value of the a-cutoff frequency for
the GT-761 is listed as 10 MHz, a nominal average
value for C;may be calculated. If the average value for
gy is taken as 80,000 pmhos, then the value of capaci-
tance is 0.0013 pF. For a value of R, negligible com-
pared to that forR,,and g;-R," 2 1, the frequencies
w, and w,are nearly equal, and the response is uniform
to a frequency at which the simple representation for
the device is inadequate. For a source resistance equal
to the load resistance R, then the frequency w, is half
wy, and 6 dB loss occurs in the transition range. For
values of R, such that R; » R, then the frequency
w, is approximately equal to the B-cutoff frequency.

6-7 EMITTER-DEGENERATIVE

AMPLIFIERS

The use of some emitter degenerationin an amplifier
can often improve both its static operating characteris-
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Fig. 5-12. Output Admittance as a Function of R, for Example 5-6
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Fig. 5-13. Emitter-degenerative Amplifier

tics and its small-signal characteristics, Fig. 5-13. The
use of DC emitter stabilization in fixing the static
behavior is discussed in the next chapter, and the de-
sign of amplifiers with emitter stabilization of the
small-signal characteristics is discussed in the next few
paragraphs.

The load line for the degenerativeamplifieris plotted
in almost exactly the same way as that for the ordinary
common-emitter amplifier. Although strictly there is a
small correction required for base current, the position
of the load line is usually changed but very little com-
pared to its position for the simpler amplifier. After the
load line is drawn, the static and the small-signal data
are tabulated and the values of y, and yrare converted
into the corresponding values for y;’and - % Once the
data are tabulated and converted, then the small-signal
characteristics, amplification, and input and output ad-
mittance, may be calculated. The amplification of the
amplifier is

5-20

Ki= —(y;y — yoycR)RL/(1 + yRL + o(y)R.
+ yir(re + R)[1 + y(R. + B1)]

+ yi‘cheRL] (5'22)

The value of 6(» )R, may be small or it may be large,
depending on the value of R, selected for use. Because
the value of o(y’) is approximately equal to y,, the
amplification can be determined almost completely by
the ratio of R, /R, if the value of R, selected is such that
the denominator may be reduced to approximately
o(¥") R, . This requires that the remaining terms of the
denominator sum to a value just a little greater than
unity, and the ¢ (¥")R, term be at least 10. Then the
amplification equation takes the form

Ki= —ypR/1 + o(y)R.] = —RL./R.  (5-23)

The input admittance Y, of the degenecrative am-
plifier is appreciably smaller than that for the ordinary
amplifier as a consequence of the o(¥")R, term in the
denominator. The approximate ratio of the input ad-
mittance for the conventional amplifier to that for the
degencrative amplifier is given by the equation

Yi/Yiaa =1+ [o(y')Re + yoyRoBl/[1 + yRy
+ yi(re + B)(1 + yk21))
(5-24)

where o R is definedas ¢ R =(r,. + Ry + Ry) and
Yvids iS
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Yie = yoo[l + yc(Re + RL)]/[I + y.lL
+ yo(re + Ry) + o(¥)R. + ywyc(aRl_if,
+ Ri(re + R.))] (5-25)

In these equations, the corresponding forms at the tran-
sistor terminals, Y;4, and Y;/Y,,, may be obtained by
letting R, be zero. Also, the value of R, may be assumed
to be small compared to R; unless an extremely large
amount of degeneration is required. The denominator
of the quotient on the right-hand side of Eq. §-24 nor-
mally has a value of approximately unity, in which case
Eq. 5-24 may be reduced to the simplified form

Yi/Yia =1+ o(y)R, (5-26)

The value obtained from Eq. 5-26 is within a factor of
two of the correct value even with large values of 7, .

The output admittance of the degenerative amplifier
isalso decreased as a result of the emitter degeneration.
The ratio of the output admittances for the two condi-
tions is given by the equation

Y./Yoa = [(R, + 1) /oR)1 + (a(y)R.
+ yiyRRL)/ (1 + yBL + yi'(Tb' +R,)
+ o(y)R. + yiyl(ry + R)(R. + R1)

+ R.R.]) (5-27)

Neglecting R, ,as is usually done, the equation reduces
to

Y /Yo = [(Tb’ + R,)/o’R][l + <U(y/)Re>/

(1 4 yo(re + R))) (5-27a)

where the reduced value of Y, is given by the equation

Yoa = [Yo + yiyeoR)/[1 + yir(rs + Rs) + o(y)R.
+ yiye(ro: A Ro)R.] (5-28)

The value of (r,- + R,)/0(R) is normally rather close

to unity, with the result that the ratio is largely deter-
mined by the value of the o(¥")R, term. The overall
value may be as large as from 10 to 50, depending on
the amount of degeneration used.

Because the degenerated value of output admittance
is so small, the effective admittance of the stage as a
whole is dependent primarily on the value of R; ,which
has been selected for use. In all but the common-collec-
tor amplifier, among the simple structures, the total
admittance is almost completely dependent on the
loading of the output circuit itself.

EXAMPLE 5-7. Design a degenerative amplifier us-
ing the HA 5003 transistor with a collector supply
voltage of 20 V and a load impedance of 2000 ohms.
Take £, = 1.5 MHz. Selecta value of R, that can limit
the overall amplification of the circuit to 0.2 of its
nominal value determined from y R .

The load lines may be plotted as shown in Fig. 5-2.
The approximate base-spreading resistance is 360
ohms, as calculated from the values of forward conduc-
tance and input conductance. If the base bias current
of 40 pA is selected for the calculation of the degenera-
tion factor, then ¢(y )R,!= 4, giving a value of R, of
approximately 17 ohms. The error in the collector volt-
age due to base current may now be calculated; because
the base current is a maximum of approximately 60
KA, an error of 0.001 V is introduced, a negligible
amount.

Once the suitability of the basic load line has been
established, then the data may be tabulated for the
calculation of the operating behavior of the transistor.
The small-signal data are given in Table 5-17.

In this problem, the largest value of y, has been cal-
culated back from y, which has been estimated from
the collector current and the value of the base-spread-
ing resistance. The technique is described in Chapter 4.

The values of the amplification and the input and
output admittance may be calculated from the data in
Table 5-17. For this calculation, the values of R, of 0,
500, 2000, and 10,000 ohms may be used.

These data show that the relative input admittance
is still rather large, although it has been appreciably
decreased by the degeneration. Because the maximum
output admittance listed in Table 5-17 is less than 200
pmhos, the total admittance, combining the 500
pmhos for the 2000-ohm load and the output admit-
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tance for the transistor, is less than 700 pmhos or more
than 1400 ohms.

The amount of distortion that results in this circuit
can be calculated by either the use of the distortion
equations or by orthogonal techniques from the am-
plification data in Table 5-18. Because the procedures
are the same as those used in previous examples, they
will not be repeated here.

The frequency response may be determined by sub-
stituting g, + jwC; for y; and evaluating the relative
magnitudes of the frequency-independent and the fre-
quency-dependent terms. If the y;+y.terms in the nu-
merator are neglected, and the denominator is solved
for frequency, the resulting equation is

w=[1+4+gR.+ (g + gs)R.

+ 9u(rv + R.))/IC:0R) (3-29)

If the value of R, is small, then this equation may be
simplified to the form

w =1+ gR. + (gv + 9/ )R)/|Ci(re + R.))
(5-30)

This frequency is nearly equal to the a-cutoff frequency
if R, > (r,- t R,) and otherwise is between the a-and
B-cutoft frequencies. The value of @ may be calculated
with the help of the nomograph in Fig. 5-7.

5-8 ANOTHER FEEDBACK AMPLIFIER

Another form of feedback amplifier may be con-
structed using collector-to-base feedback (Fig. 5-15).
This arrangement stabilizes the amplification of the
circuit, and also increases its input admittance. There
is one special problem to solve with this amplifier,
namely, taking proper account of the feedback resistor
Yin the static design.

This feedback element introduces a shunt load resist-
ance from collector to base, a voltage usually somewhat
above ground potential, and as a result it introduces a

small alteration in the effective supply voltage for the
amplifier. The current drawn by the feedback resistor
normally is negligible in comparison to the load drawn
by the transistor. Otherwise, the correction process
becomes rather complex, as both voltage and current
corrections are required.

The feedback current introduced into the base lead
of the transistor is in phase-opposition to the input
current introduced into the transistor, thereby decreas-
ing the overall current gain. This current flow does not
affect the position of the load contour significantly,
however, but it reduces the signal current available for
the base of the transistor. The amplification equations
automatically take this division into account. The equa-
tions are

K= —lyr— Y1 — yre)]RL/[1 + YR,
+ yo(re + R) X (1 +yRL + YRL)

+ y R + oy )R,YR,) (5-31)

The input and output admittances are defined by the
equations

Yi = [yz'(l + Ybe) + yi’chL(l + Y?"br)
+o(y)YRLY/ 1 + yRe

+ yilrb'(]. + chL + }7RL)} (5-32)

Y, = [yo(l + YRs) + yi’yc(rb' + R,)
+ YA+ yore))/ 1 + yolre + R, + YR,
(5-33)

EXAMPLE 5-8. Design an amplifier using a col-
lector-to-base feedback circuit. Selecta value of Ysuch
that the gain is reduced to 0.2 of the undegenerated
value. Use an HA 5003 transistor with a collector sup-
ply voltage of 20 V, a load impedance of 2000 ohms,
and f, of 1.5 MHz.

TABLE 5-17
DATA FOR EMITTER-DEGENERATIVEAMPLIFIER

Iy I. yi yr Yo Ye Yir Yre Ve
ua ma pmho pmho pmho pmho pmtho pmho

0 14 0 0 0 0 0 0 17
20 4.36 670 115,000 43 130 881 151,300 11
40 6.8 1050 150,000 85 190 1688 241,100 6.2
60 8.6 1500 148,500 200 380 3260 301,000 27
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Fig. 5-14. Load Lines for Degenerative Amplifier HA 5003 (NPN) for Example

5-7
TABLE 5-18
EQUIVALENT CIRCUIT PARAMETERS
Ib Kﬂ K500 KTOOO KID.OOD Yu' Yado Yodw
20 —74.0 —65.4 —48.0 —-19.9 273 212 80.8
40 —78.6 —67.8 —44.7 —16.3 379 33.6 1158
60 —69.7 —523 -299 -9.1 664 772 198
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Fig. 5-15. Feedback Amplifier—Type 11

As in Example 5-7, the first step is to determine the
value of Yrequired by the use of the equation

o(y)R.YRL = 4 (5-39)

with R, = 500, 2000, and 10,000 ohms. Then the cor-
rection voltage required to compensate for the feedback
network may be determined and the correction intro-
duced into the circuit. Finally, the amplification and
driving-point admittances may be calculated in the
usual way. Because a typical value of ¢(y")is 0.1, the
value of ¥, with R, = 500, is approximately 25,000
ohms (40 pmhos).

5-9 SUMMARY

Comparison of the various amplifier designs de-
scribed in this chapter shows the differences in operat-
ing characteristics and indicates the areas of applica-
tion for each. Factors which affect the selection of
configuration include power gain, current gain, fre-
quency characteristics, and distortion.

The common-emitter configuration is normally used
because it has a relatively high input impedance and
large current, voltage, and power gains. The high value
of gain can be obtained for low-frequency signals, but
the bandwidth available is considerably less than for
the other configurations. Distortion is large but can be
controlled by degeneration.

The common-base amplifier has a very low input
impedance, and a current gain slightly less than unity.
This configuration has a bandwidth approximately
equal to that of the common-emitter amplifier with a
low-impedance source and a maximum bandwidth
equal to the a-cutoff frequency with a high-impedance
source. It must be used with some form of transformer
as an interstage device if an overall power gain is to
result in cascaded common-base amplifiers. The use of
the common-base configuration minimizes feedback
from output to input and, as a result, simplifies the
design of high-frequency amplifier cascades.

The common-collector amplifier has a high input
impedance, possibly many times that for the common-
emitter configuration, and a comparatively high output
admittance also. Because the output signal developed is
re-introduced into the input, the distortion in this am-
plifier is extremely small. The current gain is large
compared to unity, but the voltage gain is slightly less
than unity.

The emitter-degenerated amplifier combines some of
the properties of the common-emitter and the com-
mon-collector amplifiers, using the emitter resistance
to improve the input characteristics and to reduce the
overall distortion. This circuit trades gain for reduced
distortion and increased input impedance.

The common-collector amplifier can be used to pro-
vide input signal to a common-base or a common-emit-
ter amplifier, giving in the former the transistor equiva-
lent of the cathode-coupled amplifier and in the latter
a follower-isolation amplifier. In these arrangements,
the common-collector amplifier functions as a coupling
transformer.

The shunt-feedback amplifier, with an impedance
connected from its collector to its base, has a very low
input impedance and uses current feedback instead of
voltage as is the case with the emitter-degenerated
form. This arrangement is used with very low imped-
ance-signal sources or applications in which current-
source operation is required with very small values of
input impedance.
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CHAPTER 6

CIRCUIT STABILIZATION

6-0 INTRODUCTION

One of the major problems in the use of transistor
circuits is the stabilization of operating conditions so
that the circuit can give the required performance over
an adequate range of environmental conditions.

6-1 THERMAL FACTORS

There are two principal thermal factors that affect
the stability of transistor circuits, and others of lesser
importance. The first of these thermal factors is the
reverse-leakage current of the collector-base junction,
so-called /., ,and the second the variation of ¥,(V,,)
with temperature. The leakage current increases rap-
idly as the temperature of the transistor is increased,
and limits the conditions under which the transistor
can provide effective operation (Fig. 6-1). This current,
in conjunction with the current gain of the transistor,
limits the minimum usable current through the com-
mon-emitter amplifier, thereby restricting the available
range of operation.

Strictly, it is possible to use the transistor in the
common-emitter circuit with very small values of cur-

1000
100+
| o
ol w -
Yl o
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|__

20 40 ) <0 100
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Fig. 6-1. Ratio of I, at Temperature Tto Value at
T = 25°C

rents, but the nonlinearity of the behavior of the device
when the base current has a reverse polarity is so pro-
nounced that it is not practical to attempt to do so. The
currents in a transistor may be expressed in terms of the
leakage current by the equations

IB = [(1 - a)IE - Ico] = [ys"IE/(yi’ + y}") - Ica]
(6-1)
Ic = als+ Lo = ysIe/(yer + ys) + Lol (6-2)

Solving Eq. 6-2 for I gives

IE = (IC - Ica)/a = (y:” + y!’)(IC - Ica)/yfi

These equations may be converted into any alternate
form that might prove useful.

The variation of the base-to-emitter voltage with
temperature for fixed magnitudes of base and emitter
current is the second important thermal property of a
transistor requiring compensation. The voltage be-
tween base and emitter affects the static operation of
the transistor, and it also affects the small-signalopera-
tion. Because the static, or Q-point for the transistor
varies rapidly with temperature if the base voltage is
fixed, it is necessary to fix the Q-pointin a way to assure
that a full range of operating conditions are available
over the required range of operating temperature. The
static stability must be determined in terms of the prac-
tical circuit in use, and the circuit must be designed to
provide the required stability.

The factors controlling the stability of a transistor
circuit may be readily derived in terms of the circuit
shown in Fig. 6-2. This circuit is the general bias cir-
cuit, and it can be readily converted into any of the
three basic bias circuits (Ref. 1). By taking Rgequal to
zero, and Ry infinite, the circuit reducesto the unstabil-
ized form, and by taking R, = O, it gives the simple
feedback stabilizer.
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Fig. 6-2. Basic Stabilizing Circuit

The analysis of the bias circuit may be performed
topologically, or it may be performed in terms of the
equations

0= i_fRBC + ib Vpr + ieRB + Uprp (6-4)
Vag = = liy = &p)Ry +ip7y + iRy = vy,
(6-5)
7:b = (1 - a)ie - Icu = yi'ie/(yi' + yf’) - ICO
(6-6)
7«'0 = aig + Ico = yf’z.e/(yi’ + yf’) + Iru (6'7)

Egs. 6-6 and 6-7 are given in two forms. The first of the
forms may be used with static calculations, and the
second with small-signal calculations. In the latter
form, they may be used extensively in basic small-signal
derivations, but the value of 7, ,being essentially con-
stant, is neglected.

Egs. 6-4 through 6-7 may be solved for the emitter
current in terms of the base voltage and the leakage
current to give

te = ([ReRsc + 1o (Rs + Ry + R}l .o
+ (B + Ry + Ra)vp)/(1 — a)
{ReRoe + 0 (Ry + Roe + R.)]

+ RuRe + RuR. + Ry R. + RaR.)

(6-8)

Taking the partial derivatives first with respect to I,
and then with respect to ¥, gives the following slopes

6-2

S, = #./01., = [RyRs. + 70:(Rs + Ro. + Re2)l/ID)
(6-9) .

where

D] = (1 — &)[RsRs. + 15 (Rs + Rb. + Re)] + ReRex
+ RbRe + RbcRe + RﬂRe>

Ser = 81./00p = (R + Rs. + Re)/[D]  (6-10)

Substituting a = yf:/ v t yff) in these expressions
gives the small-signal form

aiz/alco = (yi' + yf’)[RbRbc

+ 75:(Rs + Ri. + Rep))/1D'] (6-9a)

[D'] = {ys[RoRse + 10:(Rs + Roe + Ro)]
+ [RsRe2 + RiR. + Ry.R. + RoR.)(ys + yr))

Se' = aiz/avb’ = (yi’ + yf’) (Rb + Rbc + Rcz)/[D’]
(6-10a)

These equations may be modified to give the change in
the signal or active collector current by replacing the
numerator (¥;++y,) by 7D

Scl = aic/alco
= yff[RbRbc + Tbl(Rb + Rbc + Rc?)]/[D’]

Scl’ = aic/avb:

= yr(By + Ryc + Ra)/ID'] = BSs (6-12)

Because the information often required of the partial
derivative with respect to I, is the effective current
gain, Eq. 6-11 may be converted into the form*

Scl = B/[l + (1 + B)(RbRs + RbRc2 + ReRcz
+ RyR.)/ (RoBs. + 10/(Ry + Roo + Re2)))
(6-13)

For R, = 0 and R, infinite, this equation reduces to

*Since this is a static analysis, 2 and 8 may be used.
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Sa = B/[1 + (1 + BB/ (Roc + 1v)] (6-14)

Evidently, R,, does not enter into the stabilization of
the emitter or the collector current, although it will
enter into the stabilization of the collector voltage
through the product iR,

Similarly, with R, = 0, Eq. 6-13 reduces to

Scl = ]3/[1 + (1 + B)(RDRG + RbcRe)/

(RoRye + 7o (B + Rac))] (6-15)

Clearly, the emitter resistance is an important factor in
this configuration, as the partial derivative decreases
rapidly for increasing values of R, Because the change
in collector current in these equations is the change in
the active component, to obtain the total current
change it is necessary to add unity (to add 7,) to S, to
get S,.* The remaining stability factorsthat on occasion
may be used are all directly derivable from S,, S,
8., ,and S These four are normally the only ones
required i circuit design.

The problem in stabilizing a transistor circuit is one
of reducing the numerical value of the stability factor
to the point where variations introduced by either v, or
I, are small enough to permit adequate operation of
the stage. In fact, the two stability factors are related
by the equations

So = Sa/lre + RoRoe/(By + Boe + RBe)]  (6-16)

or

Se' Se/[rb’ + RbRbt/(Rb + Rbc + Rcz)] (6'17)

These equations indicate that operating stability in
terms of the base voltage (iniernal) is improved by an
increase in the value of 7, . This is readily provided by
inserting an external resistance in the base lead in series
withr,:. Such a circuit modification does not affect the
current gain of the amplifier, but it may reduce the
voltage gain.

*These derivations parallel those in Junction Transistor Elec-

tronics, by R. B. Hurley, John Wiley & Sons, Inc., New York,
1959.

EXAMPLE 6-1. Determine the stability factorsto
the collector current for a transistor having a current
gain 8 of 100, a value of 7 'of 500 ohms, R, = 5000
ohms, 7, ( = Ip = 1.0mA, R suitable for the re-
quired collector current with ¥, = 10 V, Then in-
troduce 3 ¥V of emitter degeneration, and redetermine
the stability factors.

For the first condition, the voltage across R,.is 5V,
and R, has a value of 500,000 ohms. An open circuit
exists in the R, position. In this configuration the maxi-
mum value of .S, (minimum stability) is obtained when
not R, but R, is 5000 ohms. The corresponding value
of S, is exactly equal to the 8 of the transistor, or 100.
If, however, R, is 5000 ohms and R, 500,000 ohms,
the value of S, then is 49.7, giving a substantial im-
provement in stability.

The value of R, must be 3000 ohms for 3V of degen-
eration to be developed in the emitter circuit. Since
approximately 10 4A of current must flow in the base
lead itself, the current flow in the divider chain,
Ry—Ry—R,, designated i, should be greater than
twice the base current, or between 30 and 50 pwA. Tak-
ing i; as 60 pA, then the values of R, and R, are
approximately 75,000 and 40,000 ohms, respectively.
The overall stability factor S, with this arrangement is
S,; = 4.93. This means that a change in the leakage
current in the base of the transistor is accompanied by
a total collector-currentchange of only (1 + S, or
59.3 pA instead of the 1 mA change in the uncompen-
sated arrangement.

In the process of introduction of the stabilization,the
voltage and current gains for the transistor have been
degraded. The input conductance of the transistor, cor-
recting for degeneration, may be as small as 3.3
pmhos, and it has a conductance of approximately 50
pmhos in parallel with it, giving a net current gain of
possibly 5. If, however, the resistor R, is bypassed for
signal-frequency currents, then only the feedback from
the collector to the base degrades the current gain, and
then only if the load resistance is placed at R, rather
than R,. The input conductance of the transistor itself
is 400 pmhos (2500 ohms), and the voltage gain, as-
suming a low-impedance signal source, is 200. (For the
source impedance to be low, the loading effects of
R, and R, on the source voltage must be negligible.)

6-3
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Fig. 6-3. Reduced Stabilizing Circuit

This means that the apparent value of the resistance of
R, will be decreased by a factor of 201, to approxi-
mately 225 ohms. The current gain of the amplifier is
also reduced by this feedback, the final value being
approximately 8.25. The overall voltage gain will also
deteriorate if the signal source has appreciable imped-
ance.

Returning the feedback resistor to R,, instead of to
the collector supply has severely deteriorated the char-
acteristics of the amplifier, and has not introduced any
noteworthy compensating advantages. If R, is reduced
to zero, and the value of R, ,made 5000 ohms, and the
value of R, readjusted accordingly, this loading does
not occur, and the stability is reduced very slightly. The
new value of S, is 5.05, or negligibly poorer than the
previous best value of 4.93. The new value for R, is
140,000 ohms, and the equivalent parallel resistance for
R, and R, is 49,000 ohms, or almost an open circuit
in comparison with the input conductance of the tran-
sistor.

With the modified configuration having X, = 0
and R,, = 5000 ohms, the emitter resistor may be
unbypassed, or a portion of it may be unbypassed, if an
increase of input resistance (decrease of input conduc-
tance) is desired. The final circuit, using a combination
of voltage and current stabilization on the base and
emitter, is shown in Fig. 6-3.

The value of the rate of change of collector current
with base voltage may also be calculated. For the sim-
ple circuit, with R, infinite, and with collector feed-
back, the value of S,' is 0.0002. Using the fully
compensated design gives new value of S, . of 0.00014,
or only a small improvement. The simplest form for use
of the equation for S, is

6-4

Sc’ = 6/[qu + Ty + (6 + 1)(Rs + RechE/Rbc)]
' (6-18)

where R, = RyR,./(R, t R,,). The objective is to
reduce the value of S, an operation that can be accom-
plished either by reduction of the numerator or by
increase in the value of the denominator. Evidently,
little can be done with the numerator. In the denomina-
tor, the first term may be small compared to the sec-
ond. The last two terms may be simplified to read

(RaRs/(Ry + Ru)) + R. (6-19)

where the value of R hould be small if a low input
admittance is desired. The value of Rg/(Rg + Rpo) is
less than unity, and Ry is roughly proportional to
Rg. The final approximating equation then reduces to

S, = A/Rjg 6-20)

where A is an arbitrary constant. Its value will be be-
tween 0.1 and 10.

6-2 DYNAMIC STABILITY

The variation of the base-to-emitter voltage also in-
fluences the values of some of the small-signal parame-
ters for a transistor. In particular, the magnitudes of
Ty's Yi» and y are strong functions of the operating
temperature of the device. The forward conductance of
a transistor has a dependenceon temperature expressed
by the equation

Y5 = Y70 (T/To) (6-21)

It is accompanied by changes in the base-spreading
resistance r,-and input admittance ;s in terms of the
equations

Ty = Tbol(T/To)z'a

yi = Yo (T/To)"3?  (6-22)

where the subscript o refers to the reference tempera-
ture, and its absence to the altered temperature (Ref. 2).

The effective forward admittance (transconduc-
tance) for the common-emitter amplifier is defined by
the equation
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Yf = yf'/[l + yi’(Ra + Re + 7"b’) + yf’Re + yoRL

+ yiy{(Re + 1) (Re + R1) + R.R1)]
(6-23)

Assuming that the terms involving y, and y. may be
neglected, this equation reduces to

Y; =yp/Il +yo(R: + R, +10) + ypR] (6-24)

and the admittances may be replaced with conduc-
tances if desired. Taking the logarithmic derivative,
and equating to zero gives the required value of R, for
stabilization of the effective forward admittance

R. = —R.+ 1/2.2ys (6-25)

These equations assume that the DC operating point
for the transistor is stabilized in accordance with the
method described. If then the total input admittance
for an amplifier is calculated based on these relations,
its value as a function of temperature, neglecting the
effect of the output circuit, is given by

Yi= yir(T/T)3/[1 + 1o0yior(T/To)*°] (6-26)

Evidently, the input admittance varies rapidly with the
absolute temperature 7.

6-3 CONTROL OF THERMAL
RUNAWAY

Thermal runaway may develop in a transistor if an
increase in transistor temperature is accompanied by a
significant increase in its power dissipation. Because
the temperature rise of the transistor is a function of the
power dissipated and of the thermal resistance in de-
grees per watt, the increase in dissipation per unit tem-
perature change must be greater than the dissipation
required to cause the unit temperature change if ther-
mal runaway is to result.

The first question in the determination of conditions
for thermal runaway is to determine the conditions
under which maximum dissipation occurs, and also the

conditions under which dissipation rises and decreases
with change of collector current. Writing the equation
for the collector dissipation in terms of the collector
current, and differentiating, gives the relation

Pc = 1);1:; = ’Lc( V,,— icRL) (6'27)

ch/d’Lc = .Vcc - 2icRL (6_28)
The condition for maximum dissipation is

i = Voo/2RL) or v, = V../2 (6-29)

Now, taking the temperature rise as defined by the
equation

AT = CAP, = (V.. — 2i.R1)ALC, (6-30)

where C, is the specific temperature change in degrees
per watt, the change in collector current in Eq. 6-30 is
caused by changes in the value of I, as a function of
temperature. The substitution

Ai, = ﬁScAIco = BSC')’CAT (6-3 1)

may be made, where 7, is the rate of change of 1, with
temperature. Substitution in Eq. 6-30 gives

EAT = BCSeyo(Ve — 2i.R1)AT (6-32)

where k is a constant of proportionality inserted into
Eq. 6-30 for convenience. When k has a value greater
than or equal to unity, the circuit is thermally unstable,
and when it is less than unity, it is stable. Under unsta-
ble conditions the temperature continues to rise, and
unless the term (V.. — 2i.R,) decreases sufficiently to
restore stability before thermal damage occurs, the
transistor will “destroy itself. The importance of the
factor S, the only adjustable clement in the equation

6-5
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other than i R ,is clearly apparent. The data on 7. are
often given with the data on a transistor and the value
of S, can be evaluated as described carlier. The static
values of £, and .S, must be sclected to assure that stable
operation will result throughout the expected tempera-
ture range.

Eq. 6-32 shows that the temperature increment will
be cither zcro or negative,and k¥ zero or negative,when-
ever the value of 7. obeys the relation

i,z Vo/(Ry) (6-33)

This condition can be used for the stabilization of
R-Camplificrs, since the output signal voltage must be
developed across a load resistance, and such a resist-
ance can be introduced into low-power amplifiersusing
transformers, but not into a high-power amplifier with-
out causing excessive circuit losses.

Power amplifiershave a particularly serious stability
problem in that the bias should be provided from a
" constant-voltage source, one which gives a voltage bias

Input g"

that is a function of junction temperature, because the
source must permit the peaks of current to flow without
altering the static operating point. At the same time,
the static resistance in the collector and the emitter
circuits must be small because of the high efficiency
requirement on the amplifier.

The only way in which the collector current of a
power amplifier can be regulated is to sctup a metering
control circuit that measures the minimum total emit-
ter current flowing in the transistor amplifier when the
signal polarity reverses. A circuit that can provide con-
trol by reducing the static base voltage for the output
transistors is shown in Fig. 6-4. The diode D, is used
to charge the capacitor C, to a voltage corresponding
to the static current level as determined by the emitter-
degeneration resistor for the power amplifier R, . This
voltage is amplified and inverted in phase to provide
the base current for the amplifier by way of the emitter-
follower. The value of the degeneration resistance R,
must be sufficiently small that the minimum voltage
across it is less than 0.5 V to minimize power loss and
to limit the degeneration introduced by it. The emitter-
follower may be used as a driver amplifier for the drive
signal, as well as a dissipation-limiting amplifier.

L -

OVCC (_}

Fig. 6-4. Power Amplifier Protection Circuit
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CHAPTER 7

TRANSFORMER-COUPLED AMPLIFIERS

7-0 INTRODUCTION

Transformer-coupled circuits, including transistors,
are used extensively because of the high current effi-
ciency that can be obtained from them. The efficiency
is much higher than with tube circuits because of the
absence of heater power requirements for the transis-
tor.

The use of coupling transformers is more important
with transistor amplifiers than with tubes because of
the high input admittance of the transistor. The con-
verse admittance relation is true with tubes, so much so
that in the early days of radio, matching transformers
were used to compensate for low tube gains. The oper-
ating properties of the transformer-coupled tube am-
plifier have proved to be sufficiently inferior to the
properties of resistance coupled amplifiers that the re-
duced power dissipation available proved to be unim-
portant except for power output circuits. The relatively
high input admittance of the transistor and its conse-
quent transformer loading, and the absence of heater
power loss, make the power dissipation situation en-
tirely different for the transistor amplifier. In addition,
the resistive loading on the transformer reduces
markedly the transformer distortion otherwise encoun-
tered.

The impedance ratio used for an interstage or an
output coupling transformer must be selected in terms
of the supply voltage and the available power that can
be developed by the amplifier, and also in terms of the
input load admittance of the load circuit. The open-
circuit inductance of the output winding must be se-
lected to give a reactance at least equal to the imped-
ance of the load at the minimum operating frequency,
and it should be several times the load impedance for
best operating conditions. The turns-ratio is selected to
give the correct input impedance.

Transformer-coupled amplifiers are used extensively
as low-power and compact communication amplifiers,
and with power output amplifiers. Transformers of the
kind used in hearing aids may be able to pass a fre-
quency band only approximately a decade wide,
whereas an amplifier using larger transformers may

pass as much as two or three decades. Before the design
of transformer-coupledamplifiers is considered in later
paragraphs of this chapter, it is convenient and useful
to examine the properties of transformers that are im-
portant in this circuit application.

The discussion of transformers can be separated into
a discussion of the two basic types, namely, tightly
coupled transformers, and loosely coupled. At least
superficially, the behavior of both types is similar in
that both have at least one resonant frequency per
winding (the frequencies may coincide under certain
conditions), and they may be represented in terms of
either pi or tee equivalent circuits. The tee equivalent
circuit has been used most commonly in representation
of transformers, particularly tightly coupled units, but
the pi representation has many advantages (Ref. 1).
Fig. 7-1 shows that both leakage inductance values are
required in each configuration. However, the signifi-
cance of the leakage and mutual inductance elements
is somewhat different in the two configurations. With
the pi configuration, it is possible to calculatethe leak-
age inductance from the physical configuration of the
transformer, and the mutuals are related to the open-
circuit inductances of the individual windings. Ref. 1
gives an excellent discussion of this configuration.

In addition to their leakage inductance, transformers
also display input and output capacitance across the
windings and also from winding to winding. These
capacitances influence the behavior of the amplifier
circuit quite markedly. The combination of the capaci-
tances and the load resistance with the leakage induc-
tance determinesthe high-frequency limitation,and the
combination of the magnetizing inductances with the
load resistancedetermines the low-frequency limitation
of the circuit (Fig. 7-2). In transistor amplifiers, the
interstage or output transformer is activated from a
current source, and the current distributes among all of
the paths as well as through the desired path, namely,

R, The current efficiency, in terms of the network of
Fig. 7-2,1is given by the equation

71
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Fig. 7-1. Transformer Circuits

Fig. 7-2. Circuit With Capacitances (Unity Ratio)

irfic =100 F (¥, T Y)X0
0t Tr.org T TYORD)
(7-1)

The equation assumes a unity turns-ratio for the trans-
former. If the ratio is other than unity, the values may
be scaled for the ratio. In this way, the step-up or
step-down ratio in the transformer may be introduced
through the usc of an ideal transformer in conjunction
with the associated equivalent network of Fig. 7-2.

In practical transformer-coupled amplifiers it is
desirable to usc a transformer whose magnetizing
reactance is large compared to both the leakage react-
ance X, and also with respect to

R(Y,.X, < %, Y, R < 1, etc.).

Then the operation of the amplifier is dependent
primarily on the load termination and the capacitances.
The minimum operating frequency is given by the
equation

fi = Ri(Lym T Lon)/2xLpmLom (7-2)

This equation is applied directly when the absolute
minimum of size is essential. Introducing a turns-ratio
n/n, = z this equation may be revised to read

f1 = RpLppez® + L)/ @rLpps Lyz®)  (1-3)

where L,,,,+ is the actual magnetizing inductance prior to
transformation to the secondary side of the transformer.
In a well-designed transformer the values of L, ,, Z%and
L, are approximately equal.

For applications in which space and weight are
somewhat less important, it is common practice to se-
lect a transformer that has a minimum total shunt
reactance two to five times the load resistance. In this
way, the low-frequency behavior of the amplificr may
be considerably improved. A larger transformer having
more iron and more wire of a larger diameter is re-
quired, giving improved magnetic and electrical char-
acteristics. The leakage inductance L, is much smaller
in value, and the magnetizing inductances are larger,
making the value of the current ratio given in Eq. 7-1
both closer to unity in magnitude and also unity over
a much wider range of frequencies (a unity turns-ratio
is assumed in this consideration).

The maximum operating frequency is dependent on
the leakage inductance, the magnetizing inductances,
and the input and output capacitances. The inductive
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reactance of the magnetizing inductances, Z,, and
L,,, is sufficiently high in all but very marginal trans-
formers that these factors often can be neglected as
components of the high-frequency circuit. The maxi-
mum frequency is given in terms of the roots of the
equation

$LpmLonLiCC Ry T $LomLunLiC,
* ${LmLomCoRL
*+ LynLnC.Ry ¥ L, L.CLR,
+L..L.C.R1]
+9L,,Lm 1) T LR
+1,.R, YL RL=0 (74

Depending on the negligible terms, several resonant
frequencies may be established

Joa = 1/22R,.(C, + C)) (7-5)
where
Lok me: Lsm; 4Ri(cp + Ca)
<< [meLam/(me + le)] (7_53)

faar = 11/ Lg,C) = (1/CR)H™¥/ (27)

where

LL < Lzmu Lsm: 4R§.(Cp + C:)
> [LpmLism/ (Lipm + Liam)]

If L, islarge compared to the magnetizing inductances,
then the frequencies are given by the equations

fw = 1/(27VL,,C,) and
foe = VI1/(Ls,Cs — 17(2C,R )%/ (27)

(7-6)

Relatively large values of L, compared to the values of
L,,and L, are inevitable with micro-miniature trans-
formers, with the result that with them, the frequency
limitation is likely to be caused by Eq. 7-6 rather than
Eq. 7-5. With larger transformers, the limitation on
frequency may be caused by cither the leakage induc-
tance and the capacitance, or it may be caused by the
capacitance and the load resistance.

All terms in Eq. 7-4 that do not involve L,, L., may
be neglected when L, and L, are very large, giving

$(Cp + C)Ry + $L.Cp + ¢ L,C,C.RL =0
(7-4a)

The approximate resonant frequency under these con-
ditions is given by the equation

foa =VIC, + CY/(C,C. L) — 1/(2C,R )2/
(27) (7-7)

This equation is the one applying to a high-quality
transformer. Critical damping clearly is obtained only
when the first term in the bracket is less than or equal
to the second term, or when the load resistance is deter-
mined by the inequality

RL = C,L./14C,(C, + C,)] (7-9)

This loading condition may be comparatively easy to
obtain with transistor amplifiers, but it has been almost
completely overlooked with corresponding amplifiers
using tubes.

The importance of the leakage inductance on the
frequency response of a transformer circuit is depend-
ent on the relative magnitudes of the inductive react-
ances X, and X,,, and the capacitive reactances of the
distributed capacitancesC,, and C;. Aslong as the input
signal is provided from a current source such as the
collector circuit of a transistor, the effect of the induc-
tance L, may be neglected if the shunt reactances are
large compared to R,. If, however, the signal source
behaves as a voltage generator, the leakage inductance
can and does limit the frequency response. Then the
limiting frequency may be determined in terms of one
of the following equations

fg = RL/(Z‘II'LL)

or (7-9)

fa=V1/(L.C,) = [1/@CR.CN%/ (27)

where in the first equation C, is negligible, and in the
second it is not. These equations should be used for the
determination of the frequency response limit when the
transformer is activated by a low-impedance, or volt-
age, source.

7-3
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7-1 DESIGN OF

TRANSFORMER-COUPLED
AMPLIFIERS

With the exception of the frequency-responsecalcu-
lations, the design of the transformer-coupled amplifier
closely parallels that for the R-C amplifier having a
load line combination to consider. The static load line
for the transformer-coupled amplifierhas a slope corre-
sponding to a very small value of resistance, the resist-
ance of the primary winding. The slope of the dynamic
load line is dependent on the load on the transformer.
Since the load on the transformer may be a function of
the operating point if it is determined by the input
admittance of an additional transistor amplifier, the
plotting of the load contour may introduce difficulties.
The position of the contour may be a function of the
signal amplitude as a result of current-averaging occur-
ring in the input circuit.

The polarity with which the secondary winding of a
coupling transformer is coupled from input to output
can be important inasmuch as in one polarity the
heavy-current direction for the load circuit may corre-
spond to the direction of relatively small input current,
and vice versa. Typical contours corresponding to these
conditions are shown in Fig. 7-3. Because of the‘impor-
tance of these loading effects, it is necessary to design
transformer-coupled amplifiers from the output back
to the input.

The design of a simple output stage is relatively con-
ventional, since the load impedance is nearly constant,
varying principally as a function of frequency, and not
as a function of the operating point. The techniques
used for the design of the simple stage are extended for
use with push-pull power amplifiers in a later para-
graph.

The supply voltage selected for usewith the collector
circuit for a transformer-coupled transistor amplifier
should be less than approximately 35 to 40% of the
maximum rated voltage for the device (sufficiently low
that the load line will not cross the bias curves in an
avalanche region) to ensure that a breakdown failure
will not occur during ordinary usage. The static load
line may be drawn at the corresponding supply voltage
with a slope corresponding to the DC resistance of the
transformer winding. Dissipation contours, one corre-
sponding to half of rated collector dissipation, and the
other to full rated dissipation, should be plotted, and
the Q-point for the power amplifier so selected that the

7-4

static dissipation does not exceed half the rated value,
and the dynamic load line should be so oriented that it
does not cross the contour for full rated dissipation.
If the transistor amplifier is one which only handles
a small amount of power, the dissipation criterion is
secondary, and the collector leakage current may be the
principal factor controlling the design. Because of the
extreme nonlinearity of the behavior of the transistor in
the neighborhood of the contour for zero base current,
it is necessary to select a static operating point that will
ensure that a small-signal amplifier will have a mini-
mum instantaneous collector current at least several
times the open-base collector current when the operat-
ing temperature for the device has been elevated to the
maximum operating temperature for the assembly. Al-
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Fig. 7-3. Effect of Transformer Polarization in
Interstage Load Line
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though the transistor can be operated with reverse cur-
rent flowing in the base lead (this is essentially what is
done when the value of 7, is determined), the behavior
is so nonlinear that operation under these conditions is
not normally satisfactory. For this reason, data on ei-
ther I, or on I,, and § arc helpful to the designer,
particularly if they are given as a function of tempera-
ture. A convenient method for providing such data is
shown in Fig. 7-4. The two graphs present contours
showing the variation of collector current with collec-
tor voltage for fixed temperatures and either zero base
current or zero emitter current. In this way, any ir-
regularities in the behavior of the transistors in the
low-current area may readily be recognized. (Valvo
GMBH uses a correction curve set for this purpose on
many of their transistors, Fig. 6-1 (Ref. 2).)

The use of either of these methods can lead to the use
of the minimum acceptable value of static collector
current, because the value of the current at any re-
quired temperature may be added to the peak signal
current to give the minimum static current. The nomi-
nal value of the current gain 8 may be used to deter-
mine the peak output current change available in the
collector circuit for the given input current change, and
an impedance level may be selected that makes as full
use of the current gain as possible. (The'output admit-
tance reduces the available current gain, particularly
for large values of load impedance.)

The base-current contours corresponding to the
minimum and the maximum instantaneous input cur-
rent may be selected on the output curve family, as
shown in Fig. 7-5. These two contours specify the mini-
mum and maximum values of collector current, and
their intersection with the line of static collector cur-

0 5 10 5 20 25 30
vC

Fig. 7-4. Typical Contours of I, vs ¥V, at Different
Temperatures

rent, X— X' shows the limiting condition for maximum
(infinite) load impedance. If the contours for constant
base current can be approximated adequately by
straight lines, the maximum output power is obtained
with the collector current change between the limit
contours reduced to half the change available along the
static load line. This condition is indicated by line
Y-Y"' There is no advantage to using a load imped-
ance greater than that required to produce the line
Y-Y’, since the available collector-current change is
reduced sufficiently that the available output power
also is reduced at higher impedance levels. The voltage
gain is increased, however.

The value of the dynamic load impedance selected
should be smaller than the value given by the maximum
power condition if the base-current contours cannot be
approximated by straight lines. Such a curvature condi-
tion can occur if the dynamic load line crosses the
contour of maximum base signal current in the neigh-
borhood of its knee. The load impedance should be
selected to yield a minimum collector voltage that is 0.5
to 1.0 V greater in magnitude than the value at the
knee.

EXAMPLE 7-1. A transformer-coupled amplifier
is required using the GT 761 transistor, the supply
voltage being ¥, = —3 V, and the minimum collector
current /,, = 0.8 mA at v, = 5V. What is the maxi-
mum load resistance permitted if the base-current
change is 40 pA?

The total collector-current from a base current of 20
A to 60 pA is 1.9 mA, giving a minimum change
along the dynamic load line of 0.95 mA. The corre-
sponding point along the 60 p.A base contour is marked
on Fig. 7-6, and the load contour drawn. The imped-
ance for maximum power is nominally 5260 ohms.
Since the contour curvature is high, however, the value
that would be chosen would be less than this.

R; = (5.0 — 0.5)/(2.2 — 0.8) = 3200 ohms

The calculation of the amplification and distortion is
similar to that described for the simple R-Camplifier.

7-2 CURVED LOAD CONTOURS

Curved load contours can be generated through the
loading action of a nonlinear resistance, such as the
input admittance of a transistor, or through the intro-
duction of modifying voltages, either due to the current
drawn in active devices, or through reactive compo-
nents of voltage. The contours resulting from nonlinear

7-5
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resistance and from external current-injection condi-
tions are single-valued, whereas the contour resulting
from reactive components of voltage are normally oval
in shape. The plotting of each of these types of curved
contours is now considered, and the applications to
transistor circuits are analyzed in the next few para-
graphs.

The load contour reflected onto the output of one
transistor from the succeeding transistor is readily
transcribed by transplotting the input admittance with
the aid of the transformer impedance-ratio. The input
contour for the output amplifier may be determined in
conventional manner by transferring each intersection
of the load line with a bias contour from the output to
the input curve family. The approximate input power
required is given by the equation

P.‘ = 0125AUbA’Lb = 0125(pr - Vlm)(Ibp - Ibn)
(7-10)

The approximate admittance level is given by the equa-
tion

Y: = Aip/Ats (7-11)

The value of this admittance, and data on its variation
with bias may be estimated using orthogonal polynomi-
als if detailed data are not available on the small-signal
parameters. The driving transistor is selected on the
basis of its ability to dissipate at least three to four times
the power given by Eq. 7-10, because the static dissipa-
tion must be at least twice the input power for class A
operation for an amplifier.

Once the driver transistor has been selected, a trial
supply voltage is chosen, and a minimum load line is
plotted. This line is so located that it represents the
minimum one capable of developing the required drive
power. The impedance corresponding to the load-line
slope may be determined, and the ratio of this imped-
ance to the static input impedance of the transistor (or
the product of the load-line impedance and the transis-
tor input admittance) gives again the square of the
turns-ratio for the coupling transformer.

After the turns-ratio for the transformer has been
determined, the next step is the transfer of the load
contour from the base circuit of the output transistor
to the collector circuit of the driver transistor. The
voltage and current changes in the base circuit are
transformed by multiplying the voltage changes by the
turns-ratio and dividing the current changes by the
turns-ratio also. These changes may then be plotted on
the collector family for the driver transistor. Both pos-
sible orientations for the load contour are shown on the
sample curves.

EXAMPLE 7-2. Determine a suitable transistor
to usc as a driver for the 2ZN268 transistor whose curves
are shown in Fig. 7-7. Also plot the load contours for
the driver transistor for both polarities for transformer
coupling. Take the static collector voltage to be 10V,
the base current 6.5 mA, and the static collector cur-
rent as 500 mA. The transistor 8 is approximately 120.

The first thing to notice is that the static point chosen
places the transistor under a heavy overload, because
its rating in free air is 2 W, and the static dissipation
level is 5§ W. Consequently, the static collector current
should be reduced to at most 100 mA.*

*Clearly, the supply voltage ¥~ should be reduced!
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Fig. 7-5. Maximum Power Conditions—Idealized Curves
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Fig. 7-6. Active Load-line Selection for Example 7-1

Because the data spread using a static point of 100
mA is inadequate for demonstration of the procedure,
and the use of an adequate heat sink can increase the
dissipation capacity of the device suficiently to make
possible the use of the load line through a combination
of decreasing the static current and increasing the sup-
ply voltage, the design process will be completed. Read-
ing from the input curves, the base-voltage change for
a base-current change from O to 10 mA is 0.56 V, for
an average input resistance of 56 ohms. The input

power required to shift the collector current from {,,-to
saturation is 0.014 X 0.72,or 12 mW,
Based on this power requirement, the driver transis-

tor should have at least 50 mW collector dissipation
rating. A suitable transistor for this purpose is the type
2N369 (302) transistor. Choosing initial conditions for
this device of Vo = —10V, and a static collector
current of 1 mA, the trial load impedance is given by
the equation

Zy = Vee/I.

For the conditions stated, the value of Z; is 10,000
ohms, giving a tums-ratio of 13.4:1, The basic data and
the load-line data are given in Table 7-1.

7-7
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The load contour and a magnified version of it are The major effect of the curvature of the load line is
both plotted in Fig. 7-8. This contour is plotted in two  to cause a difference in the total voltage change from
different orientations, which can be obtained by rever-  the neutral point for the two signal polarities. Because

sal of the transformer polarity.
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TABLE 7-1
LOAD CONTOUR DATA
iB Aty Amy —nAn Alr/n
1] —6 -=0.42 561v =0.45 ma
2 —4 -=0.21 2.81 -=0.22
5 -1 -0.04 0.53 =0.07
6 0 0.00 0.00 0.00
10 4 015 —2.00 0.30
14 8 0.23 —3.07 0.60
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Fig. 7-8. Load Contours for Example 7-2

tion than the other for a given average position, the
contour that is convex toward the origin should be
selected.

This load contour may be transferred back from
stage to stage, from output family to input, then from
input to the output family of the previous amplifier,
until corresponding points for the stages'have been
localized. Then the small-signal data at all these corre-
sponding points may be tabulated and the overall gain
of the amplifier calculated.

7-3 AMPLIFICATION CALCULATIONS

The calculation of the amplification for a transform-
er-coupled amplifier parallels the similar calculations
for R-Camplifiers, but differs principally in the way the
load resistance can be a function of the operating condi-
tion. It is therefore necessary to tabulate not only the
small-signal data for the transistor as a function of
operating conditions but also the value of the effective
load impedance. Because many of the stages of the
amplifier may b efunctioning as current amplifiers, the
load impedance data may not be important. When they
are, however, they can be determined as described.

EXAMPLE 7-3. Calculatethe load impedancesat
typical points along the load line for the 2N369 (302)
transistor.

Because the turns-ratio was shown in Example 7-2 to
be 13.4:1, the square of the ratio is 179. If, then, corre-
sponding points are found on the curve families, the
corresponding values of R; and Y; may be tabulated.,

18 0 2 5 6 10 14
Y, 0.0069 0.0149 0.0221 0.0233 0.026 0.030
Ry 26,000 12,000 8100 7700 6900 6000

The small-signal data may be tabulated from the
curves, and the balance of the calculation performed.

7-4 PUSH-PULL AMPLIFIERS

The amplifiers.discussed so far have been relatively
linear, or class A amplifiers, and have used only a single
active device. The use of a pair of transistors in push-
pull, however, makes possible operation under low-
power static conditions yet a considerable amount of
power under normal operating conditions. Amplifiers
having these characteristics are variously known as
class B, class AB,, and class AB, operation.

7-9
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Fig. 7-9. Ideal Amplification Curves for Transistors in Push-pull Amplifier

For two transistors, or two active devices, to operate
efficiently in push-pull, it is desirable for each device to
provide the amplification over approximately one-half
of the cycle, with first one device in the active condition
and then the other (Fig. 7-8). The switching from one
device to the other cannot be instantaneous, because
the transition from the off-state to the on-state is
gradual with devices like transistors and electron tubes.
In addition, the effect of tolerances on the device is
such that if an instantaneous transition did exist, it
would be impossible to select devices that would switch
simultancously as required.

The characteristics that are well-suited to devices
used in push-pull amplifiers are shown in Fig. 7-9. In
the transfer region, the amplification should increase
from zero at one edge to the specified amplification at
the other edge in a linear manner. Throughout the
active region the amplification should have the speci-
fied value. If then two devices are connected so that
their static operating points, the Q-points, are at the
center of the transfer region, an amplification that is
independent of the operating point results, and essen-
tially distortionless operation is obtained.

Although it is usually considered to be unnecessary
to have small-signal data on devices used under large-
signal conditions, the small-signal data are not only
useful, but rather necessary. This is a result of the
importance of proper matching of the amplification
characteristics in the achievement of a low-distortion
design. If, for example, the Q-point is selected at the
point @, then a dip in the amplification is produced in
the neighborhood of the static operating point, and the
distortion introduced into low-amplitude signals is
excessive. Similarly, if the Q-point is selected at the
point Q,, then the amplification is the neighborhood of
the static point will be larger than it should be, and
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Fig. 7-10. Effect of Use of Different Q-points

once again, the small-signaldistortion will be excessive.
As is evident from the plots of Fig. 7-10, only a very
small error in the value of the static amplification can
introduce severe distortion conditions for small-ampli-
tude signals.

In addition to the bias points, the designer has two
other important methods of control of distortion in
push-pull amplifiers. One of these methods is the ad-
justment of the effective source resistance for the input
signal supplied to the amplifier, and the second is the
return resistance in the emitter circuits for the transis-
tors. The values of these resistances may be used in the
adjustment of the amplification to relative uniformity.

The type of matching characteristics obtained as a
function of base current differs significantly from that
obtained as a function of base voltage. Consequently, it
is important that the matching be selected to conform
with the type of drive available for the transistor. If, for
cxample, a feedback-stabilized amplifier is transform-
er-coupled to its driver, and the output impedance of
the transformer has been selected to provide essentially
constant-voltage drive (this condition exists only
rarely), then the matching should be on a voltage basis,
whereas ordinarily with a driver transformer driven
from a transistor amplifier, current matching should be
used. If the output amplifier is excited from a push-pull
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common-collector amplifier (emitter-follower), then
the drive conditions usually are constant-voltage, and
voltage matching should be used. The examples show
the differences that exist between the two conditions.

The establishment of a fixed Q-point with respect to
transistor characteristics under variations of both am-
bient temperature and input signal level is a difficult
problem with transistor amplifiers. The use of emitter
degeneration is not satisfactory because the transistors
draw more average current with signal input than with-
out it. The use of a base-current limiting circuit is
unsatisfactory for that reason. The base-to-emitter volt-
age is a function of circuit temperature, and the base
current is a function of the signal amplitude, a rather
incompatible combination.

The use of an emitter-follower to provide the signal
to each transistor of the amplifieris one of the methods
of making available a varying average base current un-
der load (Fig. 7-11). The emitter of the driver transistor
should be connected directly to the base of the power
transistor for such an application. Another possible
method is the use of a silicon diode in the forward
direction, or a Zener diode to provide a reference volt-
age varying in a manner which matches the transistor
variation (Fig. 7-12). In this method, the current
through the diode network should be at least twice the
peak base current, and the center-tap of the driver
transformer is returned to the potential end of the di-
ode.

The diode selected for use as a biasing element
should have a voltage loss that is approximately equal
to the base-to-emitter voltage for the transistors at their
static operating point, and the voltage should vary as
a function of temperature in step with the base voltage

Input

variation. The diode should be mounted in close con-
tact with the transistor, or only partial compensation
will result, and the possibility of thermal runaway is
increased thereby.

Other devices may be used for compensation to pro-
tect amplifiers from thermal runaway. Among the
more commonly used devices are thermistors and lamp
bulbs. The essential characteristic required is either a
resistance variation with temperature, or a voltage
variation with temperature.

The danger of thermal runaway can be minimized by
providing operating conditions that make certain that
the dissipation in the active devices decreases as the
temperature rises. To do this, it is essential that the
static value of current not increase under any condi-
tions, or that the collector voltage decrease more rap-
idly than the collector current rises. Unfortunately,
however, it is not possible to control dissipation by
voltage reduction with class B amplifiers, and the con-
trol of the static current is rather difficult also. The fine
adjustment required to set the static level of current
when a thermistor or a diode regulator is used can be
accomplished either by the use of a small value of
resistance in the emitter circuit, since only a very small
range of control is required, or it can be introduced by
the use of a low-resistance potentiometer in series with
the diode or the thermistor. Because the principal part
of the 'voltage is controlled by the thermal-sensitive
device, the adjustment has become rather noncritical.

EXAMPLE 7-4. Calculate the amplification as a
function of bias for an amplifier using a pair of 2N174
transistors. Select an appropriate Q-point for the am-
plifier that will prove suitable in a push-pull amplifier.

Vee

-

Re

Fig. 7-11. Emitter-coupled Power Amplifier
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Fig, 7-12. Zener Diode Stabilizing Circuit

Discuss how a diode may be used for providing the
static bias.

On the basis of the characteristic curves for this tran-
sistor, a supply voltage of 15V appears reasonable, and
a trial Q-point of 15V, 150mA may prove satisfactory.
With the maximum collector currentof 2 A, a dynamic
load impedance of 8 ohms is required (Fig. 7-13).

The value of R, of 8 ohms is sufficiently small that
the simple form for the equations for amplification may
be used.

K = —gR./(1 4 ¢:R)) (7-12)

or

K= g/R./(1 + g:R.) (7-12a)

The value of R,, which is used with these equations,
depends on the characteristics of the input circuit. For
convenience of calculation, values used for the calcula-
tion are R, = 0, 10, 20, 50, and 100 ohms. Based on
these values, the amplification data may be listed as in
Table 7-2.

The input resistance R, is connected in shunt for the
current gain equation, and in series for the voltage gain.
The current gain values for smaller input resistance
could be calculated, but the shunt loading is sufficient
to reduce the gain excessively. The values of current
gain for R,(shunt) infinite are 100 at 2 mA, 97, 90, 102,
104, and 109, respectively, for the remaining values of
current.

Possibly one of the most reliable ways of getting
thermal compensation for a class B amplifier using
transistors is shown in two forms in Fig. 7-14. In this
arrangement, an ordinary diode, germanium or silicon
as required, is used to control the base voltage of an
emitter-follower amplifier that operates in class A. The

7-12

follower can set exactly the static potential on the base
circuit for the power stage and at the same time provide
a sufficiently low source impedance to assure adequate
current capacity for the input circuit. For applications
in which a suitable interstage transformer is available,
the emitter-follower may be used to provide the DC
level for the base circuit of the final, and the signal itself
may be amplified and introduced into the base circuit
of the final through the transformer. This latter circuit
configuration is shown in Fig. 7-14(B). Either of these
configurations may be used to make available the ad-
justment required on the static voltage on the input
circuit, because a potentiometer connected in series
with the charging diode gives the adjustment required
to make possible the proper balance in amplification.

Because the current gain is relatively fixed at the
ratio of g./g; for the transistor amplifier when a series
input circuit is used, and the ratio of g/g, is relatively
constant over the entire operating range, the power
gain of the amplifier is approximately proportional to
the voltage gain. The values of voltage gain as a func-
tion of base bias given in Table 7-2 are plotted as a
function of the source resistance in Fig. 7-15. These
curves show that the variation of the input impedance
affects markedly the operating point, which should be
used for best linearity, and they also show that small
changes in the selected static point can seriously affect
the linearity of the resulting push-pull amplifier. Fig.
7-16 shows the effect of variations of the static base
current in half-milliampere steps for a source resistance
of 20 ohms. Similar plots may be made for other values
of R;. The best static operating point with R, = 20
ohms calls for a current appreciably less than 2 mA.

The composite plots of the amplification sum for a
push-pull amplifier (Fig. 7-16), show how critical the
selection of the appropriate value for the static bias is.
The static current increment of a half milliampere be-
tween successive contours is almost negligible com-
pared to the 40 mA full-scale current. Because class B



AMCP 706-124

'c— mps

g—volts

- 10

Fig. 7-13. Operating Characteristics of Power Transistor 2N174 for Example 7-4

TABLE 7-2
AMPLIFICATION DATA

i85 te ic g: gs Kv min Kl‘ max KI' max

2ma 15 v 150 ma 0.024 24 5. 19.2 70.6

5 14.2 240 0.031 3.0 59 24.0 '73.0
10 12.5 460 0.040 3.6 5.8 288 72.0
20 8.0 1.01 amp 0.043 4.4 6.6 352 83.0
30 42 1.48 0.045 47 6.8 37.0 85.0
40 1.1 1.87 0.046 5.0 7.1 40.0 89.3

7-13
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amplifiers normally have significantirregularity in the
value of amplification near the Q-point, it is important
that the static point be chosen to minimize the varia-
tion. The irrcgularity is a minimum with a static bias
current of 0.5 mA, and the distortion characteristics
and the balance of the data should be tabulated under
this condition. Approximately 3% third-harmonic is
introduced into small-amplitude signals.

The design of the thermal compensation circuit
based on Fig. 7-14 requires data on both the thermal
characteristics of the base voltage for the output tran-
sistors and also the thermal characteristics for the emit-
ter-follower and the diodes. First the base voltage re-
quired on the output amplifier is noted, and then the
base voltage required for the follower to provide the
base-current margin for the final is noted. A transistor

7-14

suitable for use as the emitter-follower is the 2N270,
static data for which are shown in Fig. 7-17. At room
temperature a base voltage of approximately — 120mVY
isrequired with the 2N 174 power transistor at its static
point. The corresponding total base voltage for the
2N270, as can be seen in Fig. 7-17, is —200 mV if the
transistor is used as a direct signal driver with a static
collector current of 10 mA, and 250 mV for 30 mA
collector current if the transistor is used to provide the
bias by way of a driver transformer.

Brief consideration shows why the two different op-
erating conditions are required for the two methods of
using the driver amplifier. When the driver transistor
couples the signal into the base circuit of the amplifier
directly, then the signal applied to the base terminal of
the driver increases the current available for the base of
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Fig. 7-15. Typical Variation of X, With R, and V,

the output amplifier. When, however, the emitter-fol-
lower is used to provide the static bias, and a trans-
former is used to provide the signal, then signal current
from the transformer flows through the driver emitter
and it is not accompanied by a change in the base-to-
emitter voltage. The only way the voltage can increase
is through discharge of the emitter storage capacitor.
For this reason, the static current level in the driver
must be large enough to maintain the required emitter
output voltage. The static emitter current in the driver
must be cqual to or greater than the peak base current
of the final amplifier.

Typical operating conditions for the two forms of
output amplifier are enumerated in Table 7-3.

/\m

’—\ﬁ/\} Typical

7-5 REACTIVE LOAD LINES

Although many amplifiers use load clements requir-
ing representation in terms of oval load contours, they
usually can be represented and analyzed in terms of the
equivalent resistive load contour. Occasionally, how-
ever, it is important to be able to analyze a circuit in
terms of an elliptical load contour, including both the
harmonic components and also the in-phase and the
out-of-phase components.

The determination of the form of the load contour
and the calculation of the amplification along it are
discussed in the next few paragraphs. The analysis of
the phase and frequency components is somewhat more
intricate, particularly for the analysis of the oval load
line. The process is described in Part C of Appendix C.

If a reactive load must be used for an amplifier, the
shape of the load contour used is a function of fre-
quency, with the result that a scparate analysis is re-
quired for each frequency of interest. In performing
such an analysis, the phasor form for the load imped-
ance is substituted for the resistance in the appropriate
form of the amplification equation.

The consideration of the effect of reactance in a cir-
cuit is usually most important in output or power am-
plifiers. Although the terms involving y, and y, can
usually be neglected in the calculation of the character-
istics of these amplifiers, they are included here. For
the general case, the amplification equation, common
emitter, may be written

= —y;(Rr + jX1)/[1 + y.R, + (yo + ysy.R.)
(Rp + jX )] (7-13)

} Static current

irregularities

Fig. 7-16. Effect of Changes of Static Bias and Contour Irregularity
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TABLE 7-3
COMPARATIVE DATA FOR POWER AMPLIFIERS
{a) ®

R, 1 ohm 1ohm

Ra 120 ohms 120 ohms

R, 100 ohm potent. 100 ohm potent.
R 3,000 ohms 3,000 ohms

R 800 ohms 200 ohms

Ry 7,500 ohms 7,500 ohms

R 80,000 ohms 10,000 ohms

V. +1v +5v
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This equation may be rationalized to eliminate the j
terms in the denominator, giving

K = —y;(Rr + jX )1 + y:R: + Rilyo + yay.Rs)]
— i X 1(yo + yaycR.))/ K1 + y.R,s
+ Ri(yo + yweR.)) + X3 (yo + yy.R.)

= _yf[(l + y:'R: + RL(yo + y{chs))RL
+ Xi(yo + yt'cha) +.7XL<1 + %R-)]/Kl
+ yiRa + RL(yo + yiyﬂR'»z

+ X3 (yo + yayeR.) (7-14)

= _'yf[(l + yiRl)RL + (Ri + Xi)(yo + y(chs)
+ 7 X (1 + yR)I/[(1 + y:R.
+ RL(yo + y-’llcR-))Z + X‘i(yo + yichu)E]

= —yl(Re +3X0)(1 + y:R.) + (Rﬁ_, +_Xi
W. + y_icha)]/ [(Q+y:R + Ry, + YyR.))?
+ X3 (yo + yay.R.)Y (7-15)

With power amplifiers, this equation may often be sim-
plified to the form

K = —y;(R. +jX1)/(1 + y:R)) (7-16)

In using cither of these equations, the first step is the
plotting of the resistive load line, that is, the line for
X, = 0. The second step is the plotting of the reactive
component. This component does not depend on the
magnitude of the collector current, but on either the
integral or the derivative of the current. For this rea-
son, the reactive voltage must be introduced at rela-

tively constant output current. This voltage change is
stepped off along the base-current contours, since the
reactive voltage does not affect the input currents ap-
preciably. The amplification is therefore divided into
two components

K =Kr +jK, (7-17)

Thejoperator must be kept with the inductive compo-
nent, not because the phasors are plotted at right an-
gles, but because the rate-of-change has a maximum
value when the magnitude of the net current change
from the static value is zero. For a sinusoidal input
signal 7, sin w? (or ¥, sin w#), the magnitude of the
reactive voltage, in terms of the maximum change of
collector voltage V,,, may be given by the equation

Ve = ch l KL/KR | cOoS (J)t (7'18)

This voltage is measured along a constant-base-current
contour on both sides of the resistive contour, as is
sketched in Fig. 7-18. In this figure, the ratio of
|Rs7K g has been assigned the value 0.20 for conven-
ience of plotting, and the simplified form of the equa-
tion has been used.

The type of stage in which a reactive load line nor-
mally is required is a push-pull class B amplifier. If a
2N301 transistor is used in such an amplifier, and the
load contour is plotted for one of the transistors, the
result is shown in Fig. 7-19. After the contour has been
plotted, the amplification and the other required design
data may be compiled as has already been indicated.

717
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CHAPTER 8

RF AND IF AMPLIFIERS

8-0 BASIC DESIGN

The design of an RF or an IF amplifier using transis-
tors parallels rather closely the design of transformer-
coupled amplifiers. Because of the input and output
tuned circuits that must be used with them. these am-
plifiers are sensitive to feedback through the collector-
base capacitance in addition to the parameters already
considered, This capacitance tends to introduce insta-
bility and regeneration into the circuit, and makes nec-
essary the use of relatively smallload impedances in the
collector circuits.

Transistors used for RF amplifiers differ from tubes
in several important respects. First, the input and the
forward transfer admittances for a given collector cur-
rent are both large compared to the values for tubes.
The forward admittance, for example, at about 39,000
pmhos per mA of collector current, is from fificen to
forty times as large as the correspondingtube transcon-
ductances. Also, the input capacitance is correspond-
ingly larger. By comparison, the base-to-collector
capacitance may be less than or equal to the grid-to-
plate capacitancein a triode tube, and as a result of the
relatively lower impedance level used with the associ-
ated circuitry, it is of considerably reduced importance.
The remaining important difference is in the nature of
the series impedances between the terminals of the de-
vice and the active junctions, the emitter and collector
seriesz, ,7,-, and the base-spreading resistance r,, . These
resistances affect the operation of a transistor in several
ways. The emitter series resistance increases the re-
quired drive power for the circuit, and, as a conse-
quence of circuit degeneration, also limits the amplifi-
cation that can be obtained. The base-spreading
resistance increases the drive power required, and in-
creases the tendency for instability in an amplifier. The
collector series resistance increases the total impedance
in the output circuit, increasing the total internal gain
and, as a consequence, increases the probability of re-
generation and ,reduces circuit stability. It also in-
troduces phase-shift into the output circuit.

With transistor and triode tube amplifiers, it is neces-
sary either to unilateralize the circuit (neutralize it usu-

ally) or to operate the device in the separation mode
(grid or base grounded). These methods of operation
limit the feedback coupling from the output to the
input, and maximize the usable amplification. The
presence of the base-spreading resistance tends to
reduce the isolation between the output and the input
in the transistor separation amplifier, and can increase
its instability.

In either the base-separation or base-input mode of
operation, the presence of the base-spreadingresistance
is a detriment to unilateralization or neutralization, as
it makes both the circuit configuration and the compo-
nent sizes more critical. The configuration for unilater-
alizing the base-separation circuit is considerably sim-
pler because of the low value of input impedance for the
common-base amplifier.

The general equation for the amplification for the
common-base amplifier is given in Eq. 4-25. Modifying
this equation to the proper form for use with tuned
amplifiers gives

K = [(y; + yo) + yoyarelZi/[1 + yoZ1 + o(y')Z,
+ yory + yiyelroZy + 102 + Z,Z1)]
(8-1)

The regeneration is developed in this equation in terms
of the expansion of the product y,:y .ry-Z;

y,-'ycrb'ZL = (g:" + ].bi) (gc + jbc)rb‘(RL + jXL)/
[(Rz +jX1)jBe + 1] (8-2)

The value of the denominator of Eq. 8-2, for a fre-
quency near the resonance frequency , may be written
in the form, where

a =a, + Aw and

@ L,C, =1,

JBeRi + 1 — X1Bc = jwCiR1 — 28wLiC1
= jw,C R — 28wL1CL
) (8-3)

8-1
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Substituting this into Eq. 8-2 gives

(g + jb:)(go + jbomjwLs/(jo,C1RL — 28wL1C1)

= Yy lr (8-4)

Rationalizing gives

(gw + jbi) (gc + jbc)T'b'jwoLL(—2AwLLCL
— jwCLR1)/ (4Au?L2C} + wiC3R})

[go (row?L LC LR 1ge + berywo X 2AwLiC1)
— b,-(bm,:w%L 1CiRp — 2gcrblwkoLiC L)
+ jge (gere(— 2woAwL7C'r)

+ bcrbrw?,L LCLRL) + b,-(gcrb'wﬁLLCLRL

+ boryw.Lp X 2AwL Cr) >]/(4Aw2L202
+ wiCLRY) (-5

ywycrbrz L

Near the resonant frequency, where 0 V'L, C, = 1,
the negative real term of the numerator of Eq. 8-5is the
predominant one, with the result that it may be approx-
imated by

VirVe Vo 2y = = (b;bo vy Ry)/ (w}CLRE) (8-6)

where R,; is the effective tuned resistance of Z;, and
the reactive, or j, terms have been neglected because
they can be tuned to zero as desired by adjusting C; or
L,. This term appears in both the numerator and the
denominator of Eq. 8-1, but the total value of the nu-
merator is large compared to unity, whereas the value
of the denominator lies in the neighborhood of unity,
normally less than three or four at most for the total.
For large values of Z; andr, , it is therefore possible for
this negative term to cancel the positive terms in the
denominator and to permit oscillation to develop. Since
both b;and 5, are proportional to the capacitances, and
these capacitances are functions of ¥, and I, the
amount of negative conductance is proportional to the
capacitance. The negative conductance and the capaci-
tances are inverse functions of the collector voltage.
Other than for unilateralization, there are two ways of
minimizing the possibility of oscillation developing

with an amplifier using a given transistor; first, by rais-

ing the collector voltage and thereby decreasing?, ,and

second decreasing R either by using a higher C-tuned

circuit, or by tapping the collector to a relatively’lower
impedance level on the tuned circuit. Tapping is pre-

ferred.

The reactance level of the circuit that provides the
input signal to the emitter of the transistor should be
so selected that the signal reaches the emitter without
excessive reduction of the circuit Q-factor, and ‘atthe
same time it is essential that the coupling be sufficiently
tight to obtain efficient energy transfer. The problem of
interstage coupling with transistors is complicated by
the fact that the input admittance of the transistor is
extremely large and its output admittance is extremely
small. Consequently, a matching network is required
that can readily match a low-impedanceload to a high-
impedance source. The input impedance may be as
small as from 1to 50 ohms, and the output impedance
in general is larger than 1000 ohms, making the imped-
ance transformation ratio required greater than 50.

81 COUPLING METHODS

The transformers used at audio frequency for adjust-
ing coupling impedances are replaced at higher fre-
quenciesby some form of tuned circuit or transformer.
The simplest arrangement, one which has found wide-
spread use, is shown in Fig. 8-1. In this circuit, the
inductor is placed in series with the collector, and a
capacitive divider couples the collector to the emitter
and to ground. If the Q-factor of the tuned circuit is
sufficiently high for a resonant build-up to occur, even
with resistive loading of the emitter across the capaci-
tance from emitter to ground, then satisfactory opera-
tion will result. The condition required for such a cir-
cuit to function effectively is that the circulating
current representing the stored energy must be large
compared to the resistive current withdrawn by the
emitter. If this condition exists, then the impedance
step-down in the capacitive divider is determined ap-
proximately by the square of the capacitanceratio, and
efficient energy transfer may be obtained. If there is any
question as to the adequacy of the value of the Q-factor,
then a tapped coil should be used, because the magnetic
field of the coil then assures a square-law reduction of
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impedance. Such a couplingcircuit is shown in Fig. 8-2.
With the tapped-coil arrangement, a single capacitor
may be used for tuning, rather than a series combina-
tion, and a large coupling capacitor may be used to
introduce the signal into the emitter of the succeeding
amplifier.

The capacitive divider arrangementoften makes use
of the input capacitance of the transistor as part of the
capacitor G, since C, is relatively large, and often may
be an appreciablepart of the total required capacitance.
A minimum stage-to-stage voltage or current gain of
approximately 10is desirable, and because the ratio of
the collector impedance to emitter impedance is in the
neighborhood of 100, an overall emitter-to-collector
voltage gain of approximately 100is required. Because
the design of this coupling circuit is possibly the most
critical stage in the design of an RF or an IF amplifier,
it is examined in detail in the next few paragraphs.

EXAMPLE 84. Design an RF coupling circuit
for use with a 10 MHz amplifier. For the purpose,
assume that (y,. +y )™ is 30 ohms, and C is 200 pF.

Because the emltter of the driven transistor absorbs
power from its driver amplifier, it is reasonable to as-
sume that the loading from the emitter will reduce the
Q-factor of the tuned circuit for the previous stage at

most to half its unloaded value. Assume that the
impedance is 3000 ohms when loaded and 6300 ohms
unloaded. The emitter impedance of 30 ohms then is
transformed to 6000 ohms by the circuit. The capaci-
tance ratio then is

(C1/Cs)? = 30/6000 = 0.005

and the value of G/C, is 14:1. If then the unloaded
Q-factor for the tuned circuit is 200 and loaded, 100,
the inductance and capacitance for the tuned circuit are

wL =1/(wC) = 6000/200 = 30;
w =63 X 107

L= 0.47 uH, C,= 529 pF

Then, G, should have a value of about 7500 pF.

The extremely low impedance levels are clearly evi-
dent in terms of these capacitances. Because 30 ohms
corresponds to approximately 33,000 pmhos forward
conductance, the amplification obtained from an am-
plifier using this transistor is

8-3
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K, =gpZy = 0.033 X 3000 = 100

Since the step-down ratio in the coupling circuit is 14:1,
however, the net gain is 7, not 10. To achieve a gain of
10, therefore, it is necessary to load the tuned circuit
more heavily. This is most easily done by raising the
collector impedance level (unloaded). If, for example,
it isincreased to 15,000 ohms, then the load impedance
reflected from the emitter can be 3750 ohms instead of
6000 ohms, and the capacitance ratio is reduced to
11:1. The overall stage gain then is 9 and the loaded
Q-factor is 40.

The use of the higher unloaded tuned impedance
does not introduce difficulties due to regeneration be-
cause the emitter of the succeeding amplifier loads the
tuned circuit regardless of its frequency setting. Conse-
quently, the modified values for the components, again
assuming an unloaded Q-factor of 200, are

L =1.20 uH, C,= 210 pF, C, = 2300 pF

These values are appreciably more practical than those
for the design with 6000 ohms unloaded impedance.

81.1 THE USE OF TAPPED COILS

Tapped coils may be used with amplifiers, and they
are commonly used with oscillators for the reduction of
the impedance level from collector to emitter. In this
application, the unloaded impedance level is selected,
and the tap is adjusted to reduce the impedance to the
desired level. Tapped coils have the advantage that the
change of current level is obtained magnetically rather
than by way of the circulating current. Consequently,
relatively lower Q-factor coils may be used effectively
with large values of impedance step-down. The step-
down in a tapped coil functioning as an auto-trans-
former is approximately proportional to the square of
the turns-ratio

2o/2: = (n,/n.)? (8-7)

Strictly, this equation applies only if the coefficient of
coupling among the various turns of the coil is high,

8-4

and as a consequence, the leakage flux is small.

If a tapped inductor is used for the tuned circuit
considered in Example 8-1, the tap should be placed at
approximately 0.09 of the way along the coil from its
supply end. (For an 11-turn coil, the tap should be
placed one turn from the collector supply.) Because the
coupling is relatively loose from one turn to another,
the exact position for the tap must be found by trial and
error.

8-1.2 OTHER COUPLING METHODS

Two remaining forms of coupling circuits are com-
monly used with transistor circuits, the first of which
is the single-tuned transformer (Fig. 8-3), and the sec-
ond, the double-tuned transformer (Fig. 8-4). With
cach of these transformers, the secondary, low-imped-
ance winding is installed adjacent to the main tuned
coil to provide magnetic coupling and signal transfer.
Tuned lines may also be used for coupling elements.

The double-tuned transformer used with transistor
RF amplifiers consists of one tuned high-impedance
winding, and one low-impedance winding. The high-
impedance winding is designed to have a relatively high
loaded Q-factor, possibly 20% of the unloaded value,
whereas the low-impedance winding is commonly de-
signed to have a low value of loaded Q-factor, possibly
as small as 2 to 5. Such an arrangement makes the
tuning of only one of the circuits critical; the remaining
circuit can be used over at least a 10to 20% bandwidth.

The advantages of the transformer-coupled circuit
over the simple tuned coupling circuit include ease of
adjusting the bandwidth by variation of the tightness of
coupling between the two windings, easé of signal injec-
tion compared to the tapped coil because of the absence
of a high-capacity coupling capacitor, and ease of get-
ting the appropriate turns-ratio compared to the tapped
coil. Frequently, for example, it may be necessary to
place a tap at a fraction of a turn on a tapped coil,
whereas a tuned or an untuned coupling coil may have
from several to many turns.

The design of the high-impedance winding follows
the same procedure for both the single-tuned and the
double-tuned transformers. The final value of the
loaded Q-factor and the loaded impedance desired are
selected, and the required inductance and capacitance
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are calculated. The unloaded value of Q to be designed
into the coil should be from a minimum of 4 ,to a
maximum of 10to 20 times the loaded value. Once the
values of the inductances are known, the inductors may
be designed by any of the standard methods.

The coupling inductor may be untuned, in which
case its Q-factor is assumed to be unity, or it may be
resonated with a capacitor, in which case its Q-factor
lies in the range from 2 to 5. If the circuit is tuned, it
may use ecither the series or parallel configuration as
desired. For the series-tuned arrangement, the react-
ance of the inductor and its associated capacitor may
be calculated from the equations

wLle = 1/(wC¢) = Qc/ (g + ggr) (8-8)

where the subscript Crefers to the coupling compo-
nents. Similarly, if the circuit is parallel-tuned, then the
susceptances of the associated elements are given by the
equations

wCe = 1/(0)Lc) = Qc(g," +gf') (8-9)

The respective circuits, with the transistor input repre-
sented by Y,, are shown in Fig. 8-5.

Each of these circuits has certain advantages. The
series circuit, for example, is excellent with regard to
economy of parts, but at very high frequencies, a volt-
age step-down action from the effect of C; and Cmust
be taken into account. This is easily done, but it does
increase the complexity of design somewhat. The paral-
lel-tuned circuit, on the other hand, makes direct use
of the input capacitance of the transistor as part of
Cc. and as a result is easier to design at high frequen-
cies. It may use more parts than the series-tuned circuit
because of the DC path through the coupling circuit.
In addition, because the reactance of the coil and
capacitor are appreciably smaller in the parallel-tuned
coupling circuit than in the equivalent series-tuned cir-
cuit, the problem of constructing an acceptable cou-
pling inductor for use at very high frequencies may
make the use of series-tuned circuits more convenient.

8-5
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The untuned coupling circuit is normally designed
for an approximate loaded Q of unity so that the cou-
pling may be made as loose as possible. The coupling
efficiency factor has an extremely broad maximum in
the neighborhood of a reactance of the coupling coil
equal to the terminating load impedance, with the re-
sult that relatively large changes of reactance can be
tolerated without serious difficulties. When, however,
an untuned coupling coil has an appreciable capacitive
load component, then the value of inductance selected
should be adjusted in accordance with the equation

Le = L/ (1 + w?2LaiCe) (8-10)

where L, is the inductance determined from the equa-
tion wL, = Ry ,R, isthe load resistance,and C.the
loading capacitance. The presence of the capacitance
increases the effective value of the inductance, with the
result that a smaller value of physical inductance is
required.

After the designs of the tuning coil and the coupling
coil, either tuned or untuned, are completed, the next
step is the adjustment of the coupling to the correct
value. This adjustment is easily made with the aid of a
Q-meter, because adjusting the coupling circuit con-
sists of moving the coil sufficiently close to the tuned
coil to reduce its effective Q to the required value. The
tuning capacitor C; may be replaced by the tuning
capacitor of the Q-meter for this adjustment, and any
supplementary capacitance required for resonance may
be placed in parallel with the capacitor in the measur-
ing circuit. The combination is tuned to resonance and
the Q measured. The coupling is adjusted to give the
required value of Q at resonance.

The nominal value of coupling required for critical
coupling is found in terms of the effective values of Q
for the two tuned circuits. If the unloaded Q of the
collector circuit is called ¢, and the Q of the coupling
circuit is called @, then the critical value for the cou-
pling 4. is given by the equation

(B) Parallel tuned

]

(A) Untuned

vig L

VEE

k. = 1//QQ. (8-11)

If the coupling circuit is untuned except for the internal
circuit and transistor capacitance, then ¢, may be
taken as unity; otherwise it will be the loaded Q of the
coupling link, normally between 2 and 10. The cou-
pling for the tuned link can be as small as a half to a
third the coupling required with an untuned link.
The form and the type of coupling circuit often must
be selected on the basis of the physical configuration of
the tuned circuit. For example, if it proves impossible
to get sufficient coupling to use an untuned link, the
design should be changed to use either a tuned link or
a capacity divider. The capacity divider usually will
prove satisfactory only if the total capacitance from
emitter to ground is less than approximately 5000 pF
and larger than the input capacitance of the transistor.

8-2 TRANSISTOR LOAD LINES

After the dynamic load impedance has been deter-
mined for the transistor amplifier, the design of the
amplifier itself may be undertaken. The collector sup-
ply voltage for the amplifier may be selected based on
the maximum voltage amplification permitted for the
transistor, and if maximum operating characteristics at
high frequency are required, a common-base circuit
should be chosen. The voltage applied to a drift, or
diffused-base, type of transistor in particular should
provide as high a drift velocity as possible, consistent
with the noise properties of the device. The selection of
optimum operating conditions for an input amplifier
stage is a critical operation, inasmuch as minimum
noise conditions occur with a comparatively small col-
lector supply voltage, yet a relatively higher voltage is
required for maximum operating frequency.

The static load line is drawn at approximately con-
stant voltage corresponding to the supply voltage and
static resistance of the winding. Then the dynamic load

{C) Series tuned

Fig. 8-5. Types of Inductive Coupling
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line is plotted across it, intersecting it at the point
corresponding to the desired forward conductance in
the transistor. The slope of the load line should corre-
spond to an impedance defined by the equation

where K isthe overall stage amplification from emitter
to emitter or collector to collector, and (g;+ + 8¢)is the
input admittance of the emitter of the common-base
amplifier. The unloaded tuned impedance should be
large compared to this value of Z, .

8-3 RELATIONS OF FREQUENCY
LIMITATIONS

The various limiting frequencies used with high-fre-
quency amplifiers are all related to one another
through the basic transistor parameters, the current
gain, the input and forward conductances, the base-to-
emitter and base-to-collector capacitances, and the
base-spreading resistance. Their relations are defined in
par. 2-10.

It is desirable in connection with the design of high-
frequency circuits to be able to determine to within a
factor of at most 20% what the values of £, and
[, are, inasmuch as they determine the points at which
deterioration of the circuit behavior starts becoming
serious, and where it becomes crucial. As long as the
operating frequency is less than f,,, the design proce-
dure may be based on normal admittance techniques.
At frequencies between £, and f,,,, the procedure is
critical because of the low gain and the high noise
levels.

If adequate data are known on a transistor, either of
these frequencies may be determined directly, or they
may be determined in terms of the value off, by the use
of Eqs. 2-31 and 2-30. It is of interest to note that the
two capacitances C, and C, play an extremely impor-
tant part in the limitation of the maximum operating
frequency f... whose value is

Smax = [1/(4m) Vg7 (7: C;C) (8-13)

This frequency £, is in reality a figure of merit of
considerable importance for a transistor. A similar
equation for f,, may be derived

(8-14)

fnz = [1/(271'0’)] vgtligtl +gf"

Either this equation or the equation in terms off, is
satisfactory for the determination of the noise-comer
frequency.

It would appear reasonable to plot contours of con-
stant value for the capacitances C; and C; on a family
of characteristic curves as a means of presenting the
data on the limiting frequencies. A sample of the form
such a set of curves might take on a drift transistor is
sketched in Fig. 8-6. It should be noted, however, that
these curves are hypothetical and do not represent any
specific transistor. These data in conjunction with the
normal data provided on conductance data sheets
should prove ample for design purposes.

8-4 NEUTRALIZATION AND
UNILATERALIZATION

The neutralization of an amplifier is the process of
introduction of compensating voltages or currents from
output to input in such a manner as to prevent the
direct exchange of energy between the input and the
output. Unilateralization not only introduces compen-
sating reactive components, but also compensating re-
sistive components, so that the input and the output are
completely isolated except for the amplification action
in the active device.

The neutralization of the common-base amplifier is
comparatively simple because the feedback elements of
the device in this configuration are introduced solely by
the base-collector capacitance, which is fairly stable in
value, and the base-spreading resistance, which also is
rather stable in value. In addition, the extremely small
input impedance (large input admittance), coupled
with the relatively low impedance isolating area in the
base region reduces the effective coupling to a very
small value.

The unilateralization of a common-emitter amplifier
requires a more complex compensating network than is
required for neutralization. At the same time, if prop-
erly adjusted, it providesbetter isolation. The common-
base neutralizing circuit is a unilateralizing circuit as
well, so that the common-base amplifier when properly
neutralized shows complete isolation between its input
and its output. The neutralization equation for the
common-base amplifier is

C.R, = 1:C, (8-15)

where C, is the neutralizing capacitance, connected
from collector to emitter, and R, is the neutralizing

8-7
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resistance, connected from the emitter to ground, the
base-return terminal.

Unilateralization of the common-emitter amplifier
requires in addition to a set of R, L, and Ccomponents,
an ideal transformer for the inversion of the phase of
the feedback signal (Ref. 1). The circuit and the sizes
of the components are defined in Fig. 8-7. If the equa-
tion for the input admittance is separated into input
components and transfer components, and the transfer
components are balanced out by their negatives, the
stage is then unilateralized. Based on the equation

8-8

Y:=y:(1 + yRe)/[1 + y.Rz + yey.(1 + y.R1)]
(8-16)

The denominator may be simplified by taking advan-
tage of the relations

yoRL < 1 chL < 1

The equation then takes the form

Yi=ye(L +9RL)/(1 + yorw) (8-17)

The numerator term involving y. may be replaced by
the complete A factor, and only the transfer term re-
tained, because from above, y,R, < 1

Yi=[yo(Q + wRr) — yry-R)/ (1 + yirrs)
= [ye — yr9.RL)/(A + yory) (8-18)

This is one of the few applications in which the use of
the modified output admittance is less convenient than
the basic form. This equation may be further simplified
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by separating the two numerator terms, and then exam-
ining the significance of the result

Yi=yo/(L + yere) — 4:(ypRL) /(1 + yory)
(8-19)

Evidently, if an immittance term is added that will
identically cancel the second term on the right, the
¥, term, then all that will be left is the input admittance
resulting from the input circuit and the interaction of
the input and the output, will be zero. The y Ry, term
gives the internal gain in the transistor, and indicates
that, as is already known, the voltage applied to the
unilateralizing circuit must equal the output voltage of
the amplifier. This makes necessary the use of an ideal,
or unity-ratio, correction transformer. Then the bal-
ance of the equation gives the admittance that must be
placed in the return path

Yo = ¥/ (1 + yomy) = 1/ + yi’rb’)/yr_

= 1/[(1 + gory +jw0irb’)/yr] (8-20)
_ 1
1 + 1
gr + ijc gr + jwoc
14 giry JwCary (8-21)

The fact that y, would represent the feedback admit-
tance can easily be recognized because the amplifica-
tion of the transistor causes the application of a rela-
tively large signal voltage compared to the base voltage
across the voltage sideof y,,and the comparatively high
admittance from base-to ground would cause an admit-
tance that was connected between collector and base to
act as a current source. As a result, the collector-to-
base admittance and y, may be taken as equivalent to
one another with ordinary transistors.

The admittance elements that must be used in the
feedback path in addition to the unity-ratio trans-
former have the values

Cc/(l + gi’rb')
gr/Cin'

gr/ (1 + gorer);

C./Ciny; (8-22)

where the first and third are conductances, the second
a capacitance, and the fourth an inductance. The first
pair are connected in parallel, and the second pair are
likewise connected in parallel. With the exception of

ry» which is relatively constant, all of the basic
clements, g,, g C;, and C, are a function of the
operating conditions for the transistor. As a result, the
conditions for unilateralization of the common-emitter
amplifier are rather critical.

Since the value of g, is extremely small, the first and
fourth terms often may be negligible, and the circuit
reduces to a series R-C circuit consisting of

C./Ciary and C./(1 + girs)

respectively.

8-56 CONTROL OF AMPLIFICATION

The automatic control of amplification in a transis-
torized amplifier, particularly one which is tuned, is a
complicated process because of the variation of the
input admittance of the transistor with its operating
conditions. If the design can be made in a way that
reduces the effect of the variations to a point that they
may be neglected, then control is comparatively simple.
When, however, the variations of input admittance
have important effect on the behavior of the tuned
circuits, then the process of design is of increased com-
plexity .

The first question that must be considered in the
establishment of transistorized amplifiers having auto-
matic control of amplification is the determination of
operating conditions required for varying the amplifi-
cation. Superficially, the control of power amplification
may be obtained either through the control of current
amplificationor voltage amplification or both. The cur-
rent amplification for a transistor is relatively in-
dependent of the operating conditions from low current
to high current.,Consequently, the variation of amplifi-
cation cannot be obtained through variation of current
gain, but must be obtained by variation of voltage gain.
Because the forward conductance of a transistor is ap-
proximately proportional to the current passed, it is
necessary to have a current change of 10to 1to develop
an amplificationchange of 10to 1, and it is also neces-
sary that the load impedance presented by the input
terminals of the transistor not vary appreciably.

The input admittance of the transistor normally var-
ies considerably with current, making necessary the
loading of the input circuit with a fixed resistance if the
input impedanceis to be kept reasonably constant. This
loading also keeps the bandwidth of the driving am-
plifier relatively constant as the operating conditions
for the transistor change with signal level. This does
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not correct for the variation of input capacitance, how-
ever.

The design of the transistor circuitry to accommo-
date a varying control current as a function of signal
level requires an amplitude detection circuit which can
determine the approximate magnitude of the output
signal level, and a control circuit that reduces the cur-
rent in the various transistors as the detection circuit
indicates increasing signal amplitude. Such a circuit
may include a special isolation amplifier followed by a
detector circuit and a DC control amplifier. The DC
control amplifiermay be required to have considerable
amplification and appreciable power output because
control of transistor amplifiers requires significant
amounts of power.

An isolation amplifier operating at the normal oper-
ating frequency of the main amplifier is used to prevent
the control detector from introducing a nonlinear load-
ing onto the signal circuits. Normally this amplifier
may be of the common-emitter type, particularly if its
input is paralleled with the input to a common-base
amplifier in the signal circuit. Detector loading should
further improve the stability.

Either a diode detector, or a transistor functioningas
a detector-amplifier, may be used for the detection
function. Both of the circuits function in a similar man-
ner, in that the base-emitter junction for the transistor
provides the rectification when the transistor performs
both functions. The rectification efficiency is reduced
when both functions are combined in a transistor, how-
ever, because with separate elements the diode polarity
may be such as to shift the static or DC level toward
the active voltage level, whereas the base-diode rectifi-
cation in the transistor is not really satisfactory because
f its tendency to bias the transistor in the off direction
instead of the on (Fig. 8-8).

The type of control amplifier required for regulating
the characteristics of the variable-gain amplifier de-
pends on the method selected for introducing the con-
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trol. Because power is required for this function, the
selection of the configuration requiring the minimum
input power to the regulation circuit provides the maxi-
mum operating efficiency for the overall circuit. For
this reason, the control signal is usually introduced into
the base terminals. The only other possible selection,
emitter control, requires up to 100 or more times as
much current, and therefore would make the control
power required excessively large.

The control of the amplifier current through the
limitation of the base current may readily be accom-
plished by having the control circuit limit the total
voltage applied to the respectivebias resistors. A simple
circuit for accomplishing this is shown in Fig. 8-9. In
this circuit, the control voltage increases or decreases
the total current flowing through the regulating transis-
tor, thereby altering the voltage developed across its
load resistance and changing the amount of base cur-
rent available for the amplifier connected to it.

The control amplifier may be converted to a practi-
cal circuit by modifying it as shown in Fig. 8-10. In this
modification, the output voltage obtained from the con-
trol amplifier is repeated by an emitter-follower, and
the emitter-follower then controls the individual am-
plifier stages. This modification is advantageous in sev-
eral ways. First, it permits the control amplifier itself
to operate at comparatively small currents, and limits
the loading that must be reflected on the detection
circuit. Second, it makes the output admittance of the
actual control circuit high because of the emitter-fol-
lower configuration that is used. The power amplifier
then is self-stabilizing because of the degeneration.
Third, the high output admittance of the follower helps
the shunt capacitance to isolate the controlled stages
from one another and helps to minimize the possibili-
ties of regeneration.
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Fig. 8-9, Amplifier With AGC
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Fig. 8-10. Use of Transistor Polarity to Control Emitter-follower

Either'polarity of transistor may be used for the
control emitter-follower, because either of the configu-
rations Fig. 8-10(A) or Fig. 8-10(B) will provide the
required control. The use of a transistor of similar
polarity to that of the amplifier transistors causes the
follower to pass maximum current when the amplifica-
tion of the amplifier is a maximum, providing high
filtering action at the control point. At the same time,
all of the base current for the amplifier transistors must
flow through the control transistor using this configu-
ration.

When the emitter-follower transistor and the am-
plifier transistors are of opposite polarity types, the
control current is diverted through the emitter load
rather than through the amplifier transistors, the out-
put admittance of the emitter-follower is lower than
can be obtained when both transistor types are the
same. The current efficiency as a result is reduced, but
the total power required for adjustment of amplifica-
tion is increased because the control transistor draws
current. to divert it from the amplifier circuit.

EXAMPLES8-2. Design a common-base amplifier
using a 2N247 transistor, and provide a design having
a range of amplification between 3 and 10.

The first step in design of this amplifier is to select
the range of current that is to flow in the emitter circuit,
and to select the corresponding range of base current.
The effective input admittance of the amplifier at its
emitter is approximately 35 /, mhos, for an input resist-
ance of 10ohms with an emitter current of 0.003 A. If
a shunt emitter load of 10ohms is used, then the emit-
ter current must be reduced in accordance with the
equation

2/(1 + 2) = Knin/2Kmex (8-23)

This equation assumes that half of the available signal
power is dissipated in the emitter loading resistance at
minimum input signal. If the maximum amplification
istaken as 10,the minimum 3, then the minimum value
of xrequired is 3/17, and the minimum emitter current
is 0.53 mA.

The approximate ratio of base current required,
minimum amplificationto maximum, is 3/17, or 0.176.
The maximum value of the base current required to
produce a collector current of 3 mA is 50 wA. The
control amplifier to use with the RF amplifier stage
should develop a collector voltage change from approx-
imately the supply voltage to a value approximately
15% of the supply voltage.

In applications in which the best possible signal-to-
noise ratio is required, it is necessary that the input
transistor itself absorb the majority of the available
signal power with weak signals, and the parallel input
load absorbs increasing amounts of power as the signal
strength increases. In such an instance, the supplemen-
tary input load resistance should be 2 to § times the
minimum input resistance of the transistor itself. In-
stead of a shunt resistance of 10 ohms, as has been
selected, the shunt resistance should be between 30and
50 ohms. The range of change of amplification is re-
duced in exchange for a higher sensitivity for weak
signals.

8-5.1 THE EMITTER-FOLLOWER

The design of the emitter-follower providing the base
current to the series of amplifiers is relatively conven-
tional, the only critical feature being the selection of
operating conditions capable of supplying an adequate
magnitude of current at the required voltage. If the
circuit of Fig. 8-10(A) is used, all of the emitter current
flows into the base circuits of the transistors being con-
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Fig. 8-11. Balanced RF Amplifier

trolled, and the power dissipated in the transistor is
kept to a minimum consistent with reliable operation.
With the circuit of Fig. 8-10(B), however, the current
drawn by the transistor must be large compared to the
control current, or the voltage cannot be reduced to an
adeqyately small value. The power economy of (A) is
considerably superior to that of (B).

8-5.2 OTHER RF CONFIGURATIONS

There are two important difficulties encountered
with RF circuits of the type described thus far. The
first, and probably the more important, is the variation
of the input capacitance with operating current in the
transistor. This makes the tuning of the amplifier vary
with the operating conditions, and consequently can
have serious consequences. The second factor is the
variation of the input conductance with the operating
point. This condition can be corrected for by the use of
the loading resistance as described, but the total load
conductance will vary with operating conditions, and
the circuit Q-factor and tuning both will vary with
voltage.

A differential-typeamplifier (Fig. 8-11) can be used
to correct for this situation, because the input circuit of
a second transistor may be paralleled with the signal
transistor and so connected that the conductive load
and the shunt capacitance will remain relatively con-
stant, but at the same time the collector current in the
signal transistor can vary as required to provide the
necessary variation of amplification. This amplifier can
develop full sensitivity with weak signals, yet be readily
controlled without the use of a shunt-static load. Such
an arrangement can yield a high sensitivity and a rela-
tively low distortion level.

The base voltage change that must be developed to
shift the collector current from about 0.3 mA to 3.0
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mA, or a base current from 5 to 50 LA is about 65 mV.
Because signal is not introduced on the base lead with
this circuit, voltage control can be used, particularly
with a differential amplifier. The voltage applied on the
AVC lead in Fig. 8-11 should have a polarity to cause
the loading transistor to draw increased current as the
input signal increases.

8-6 TUNNEL DIODE AMPLIFIERS

Tunnel diodes can be used as amplifiersbecause their
negative conductance can be introduced to neutralize a
portion of the positive resistance in an associated tuned
circuit, thereby increasing the effective Q of the circuit.

The utilization of a negative-immittance device as an
amplifier is possible only under very restricted condi-
tions, because it is necessary for the device to provide
most but not all of the energy required by the circuit
losses. This means that the maximum value of the nega-
tive immittance, as a function of the control parameter,
must be slightly less than the value of the circuit posi-
tive immittance. With NA devices like tunnel diodes,
the diode must be inserted in shunt with the tuned
circuit for this criterion to be fulfilled. The impedance
level of the circuit must be adjusted to a value such that
the net conductance is slightly positive. This is the
reason a knowledge of the maximum value of the nega-
tive conductance of the active device is important.

The tunnel diode is the only wide-band negative con-
ductance device at present available. Because of its
wide-band properties, a circuit that is designed to be
stableat a desired frequency can easily be oscillatory at
another frequency in the spectrum (usually a higher
frequency). Control of these spuriousoscillations is one
of the major problems in the utilization of tunnel di-
odes.

The maximum oscillation frequency for the tunnel
diode when used as an amplifier of necessity must be
considerably higher than its amplifying frequency.
Consequently, the problem in circuit stabilization is
one of preventing a net negative conductance at a
higher frequency when the required amount of positive
conductance is available at operating frequency.

Because of this situation, the tunnel diode is best
used as a shunt loading element on a coaxial line. If the
output end of the line is terminated resistively with a
wide-band resistance, or one which decreasesto a small
value off resonance, then the likelihood of oscillation
developing is minimized. Other than for the use of a
parallel-tuned circuit as a load, a possible arrangement
for assuring adequately small impedance at high fre-
quency is the use of an additional loading resistance, as
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shown in Fig. 8-12. In this figure, the potentiometer
arrangement is used to adjust the bias to the critical
level, and the RF choke is used for the introduction of
the bias. The total resistance in this circuit must be kept
small, or the adjustment of the bias voltage to the nega-
tive-resistance region (between 0.07 and 0.30V for ger-
manium) cannot be made.

The damping circuit for suppression of high-fre-
quency gain may be placed across the diode terminals.
With such an arrangement, the damping resistance
should be a fraction of the nominal load impedance,
and it should be isolated by a coupling capacitance of
such size that the loading of the damping resistance can
be neglected at the operating frequency.

Suppression of oscillation in tunnel-diode amplifiers
is sufficiently difficult that it is desirable to make use
of the oscillation if possible. Some techniques are under
development for doing this, and it may also be done
with converter circuits. Until many of these problems
are solved, the main application of tunnel diodes will
be in the field of switching circuits. Experiments made
by the author have shown that amplification can be
obtained using the circuit of Fig. 8-12, but the amplifi-
cation compared to direct output with the diode
removed from the circuit has been only about 3 times.
Compared to the value with the diode loading the coax-
ial cable, however, the overall amplification is approxi-
mately 10 to 20 times.

8-7 SUMMARY

Although the emphasis has been placed on in-
dividual stages in this chapter, conventional techniques
may be used to develop stagger-tuned amplifiers, But-
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Fig. 8-12. Tunnel Diode Amplifier Circuit

terworth amplifiers, and similar configurations. For
small-signal stages in which the small-signal parame-
ters show essentially negligible change with the input
signal, conventional design techniques, described in
this chapter, apply. The frequencies and the Q-factors
of the individually tuned circuits may be determined,
and the transistor loading may be varied to help in the
adjustment of the circuit to optimum band-pass charac-
teristics. The amplifier must be of the fixed-gain variety
in order that the equalization will not vary over the
passband with changing signal levels.

For larger values of signal, when the parameters do
vary appreciably with the instantancous signal voltage,
the method of design for variable-source-load imped-
ances described in Chapter 7 may be used. In this in-
stance the loading is averaged and the curved load
lines, starting at the output are plotted back from stage
to stage. Eventually a stage is reached at which linear
techniques apply. The reader should not experience any
difficulty extending the techniques described to such
amplifiers.
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CHAPTER 9

NONLINEAR THEORY OF OSCILLATORS

9-0 INTRODUCTION

The development of effective procedures for design
of oscillators must of necessity be based on a nonlinear
or a piece-wise-linear approach, and should relate the
limit-cycle characteristics in the phase plane to the over-
all behavior of the circuit. The discussion in this and
the next two chapters is an expansion and an extension
of the discussion of the principles of oscillator design
published in Conductance Design of Active Circuits
(Ref. 1). Because the procedure for design of oscillators
must be developed from the basic nonlinear properties
of the amplifying device in conjunction with the linear
or nonlinear properties of the remainder of the circuit,
the first chapter of the group discusses the nonlinear
analytic procedures on which practical design work is
based. This chapter is followed by one in which designs
for L-Cand crystal oscillators are developed and one
in which practical designs for R-Cand time-delay oscil-
lators are developed. The discussion in Chapters 9 and
10 is concerned with four-terminal oscillators exclu-
sively. Negative immittance operation is considered in
connection with time-delay oscillators in Chapter 11.

9-1 CONDITIONS FOR

FOUR-TERMINAL OSCILLATION

The development of an oscillating condition in an
electronic circuit requires first that the output power at
the frequency of oscillation be greater than the amount
of power required to produce it, or there must be power
gain in the active device. When this condition can be
met, the following additional conditions must be ful-
filled:

1. Operating conditions must be such as to mini-
mize noise modulation.

2. The frequency-selection circuit must be prop-
erly designed.

3. The overall phase-shift in the circuit must be an
integral multiple of 360 deg.

In addition to the frequency-amplitude restrictions,
there are amplitude-time relations that must be satis-
fied, the exact relations depending on the type of opera-
tion desired. For sinusoidal or continuous-wave oscilla-
tors, the following additional conditions apply:

4. The amplification averaged over a single
sinusoidal cycle, for stable operation, must be unity.

5. The instantaneous variation from unity must be
as small as possible.

6. Sufficient amplification margin must be availa-
ble at initiation to assure oscillator starting.

These conditions define the required properties for the
final circuit and also indicate the design procedures
that must be used.

9-1.1 MAXIMUM OSCILLATING FREQUENCY

The maximum oscillation frequency is that fre-
quency for which a power gain of only unity, and no
more, may be obtained from the active device. Mason
(Ref. 2) has shown that this frequency f,,, is deter-
mined by the equation

U= 19y — 931 %/ [4 Re 043320 — Y12 ¥21)]
9-1)

Drouillet (Ref. 3) has taken this basic relation to derive
the maximum frequency of oscillation in terms of the
normal parameters of the transistor. In the equation for
U, the various yand gparameters are the overall values
for the transistor as a whole, including base-spreading
resistance and emitter and collector series resistances
and their associated reactances. The maximum fre-
quency is given by the condition for which Eq. 9-1 has
a value of U of unity. The value of the numerator is

|y — yua | = g5 /(1 + gimp)? + (bory)?
— wCC>2]O,5

(9-2)

Near the limiting frequency, byry,- > 1 and b7y,

9-1
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g7y In addition, the value of ¥, 2 is small in magnitude
compared to that for y,,, and Eq. 9-2 reduces to
lyzi - P1g lz L [gf'/(b,-'r,,r) - ch]z

9-3)
[gf'/(bil’}’b')]z

Eq. 9-1 may be simplified by the help of this relation
to read

[g-f"/(bil'rb')]‘2 = [4gf'/(bil7’bl)] X chU
9-4)

Setting U = land 0 = w,,, = 27f,,, gives

wrznax :gf'/(4cicc 7pr) = aofa/(‘lcc"’b')
(9-5)

The resulting value of f£,,, is

JSmax = [gf ’/Ci Ccrb.] 0'5/(47T) (9-6)

9-1.2 THE EFFECT OF NOISE

The initiation of oscillation in an oscillator is a result
of the effect of thermal noise (and other forms of noise)
shock-exciting the oscillator circuit, changing the over-
al amplification and affecting the phase stability at
the same time. Consequently, in oscillators that must
meet extreme requirements on frequency stability, it is
essential that the transistor used have as small a noise
signal voltage as possible, one having an upper noise
corner frequency f,, appreciably above the operating
frequency for the circuit. In addition, the operating
conditions selected for use with it should introduce a
minimum of noise.

91.3 LOOP-AMPLIFICATION CONDITIONS

The forward conductance of the active device in the
oscillator must be sufficiently large that, at the time of
initiation, the overall amplification of the circuit is
greater than unity. Also, as the oscillation develops,
this amplification must gradually decrease until it sta-
bilizes at an average value of unity as the output stabil-
izes itself. This average amplification of unity around
the feedback loop through the active device and back
through the return path can only be obtained by allow-
ing the instantancous amplification to vary somewhat,
rising on one polarity of output, and decreasing on the
other. For example, if a parallel L-C tuned circuit is
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used as the output (or collector) load for the active
device, and X is the feedback gain (strictly a loss), the
equation for the loop gain may be written as

YK (R +sL)/(s’LC +SCR+1) =1 (97

where Yyis the forward admittance of the active device,
L, R,and Care the component values for the tuned
circuit, and sis the familiar Laplacian complex fre-
quency (Fig. 9-1). In this equation, a considerable sim-
plification may be obtained by making the substitutions

YfZLKB = K (9-8)

Z, =L/(CR) (9-9)

Eq. 9-7 then reads

K[1 + R/(sL)}/[1 + sL/R + 1/{(sCR)}(9-10)

Now, the Laplacian operator may be replaced by the
real-frequency operator that applies under oscillatory
conditions. Then the following substitutions apply

$ = juw = jlw, + Au) ©-11)
w, = [(1/LC) — RY/L20s (9-12)
w = [1/(LC) — (1 + K)2RY/(4LH1*  (9.13)

Vee

R+ sL

L]

Fig. 9-1. Basic Oscillator Circuit
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where Eq. 9-12 applies if £ = 1, and Eq. 9-13 when
K # 1. If, now, the change of frequency Aw is deter-
mined in magnitude as a function of AK, keeping only
the real-frequency term, the partial difference with re-
spect to X is*

Aw/AK = (RY/L? + jwR/L)/
[- 2w + j(1 — K)R/L]

- wo/ (2QY)*

(9-14)

where Qis the loaded quality-factor of the tuned circuit
including any andallcircuit loading effects, both lincar
and nonlinear. Consequently, the shift of frequency is
proportional to the change in amplification ex-
perienced over the oscillating cycle.

The variation of the frequency of oscillation with the
operating conditions for an oscillator is a function of
the amplification, and through the amplification, of the
collector voltage and the emitter or the base current. It
is a function of the effective resistance of the tuned
circuit, and that resistance is a function of the coupled
loads reflected on the tuned circuit from the input and
the output circuits of the active device. These compo-
nents are usually taken into account through the use of
a shunt conductance such as G, in Fig. 9-2. This
equivalent loading conductance is introduced across a
portion of the inductance of the tuned circuit with the
aid of an ideal transformer having a turns-ratio K.
(The ratio X, may have the value of unity.) The total
value of G, is a function of g, 881580 Ty anq also any
external loads required in the extraction of signal from
the oscillator. Assuming that G, has been calculated
from the transistor data by the equations in Chapter 4,
the equation for oscillation for the circuit is**

*Only the real terms have a significant effect on real fre-
quency. The damping is a function of w/Q.
*#*The transfer impedance Z, may be derived topologically
to be

Z,=sKL/[1+sC(R +5L)
+K2Gy (R+SL) ~ sCGy (L L, —M?*))
where the primary inductance L, =L, the secondary inductance

L, = KL, and the mutual inductance is K (L, giving the condi-
tions for unity coupling in the transformer.

R+ sbL

Fig. 9-2. Oscillator With Conductive Load on
Feedback Network

$2LC + s(GJLK: + RC — Y, K,L)

9-15
+ 1+ G.RK; =0 O-13)

If this is changed into the frequency-and-damping
form, the result is

—w!LC + jw(G.LK: + RC — Y, K,L)

+1+GRK: =0 (©-16)

The required value of Y;is directly proportional to the
loading introduced by the conductance G, which is
determined largely by the input conductance. With a
transistor, the values of G, and Y;are nearly propor-
tional over a moderate range of base and collector cur-
rents, with the result that if the K?L term is large

compared to RC, the circuit cannot be stabilized easily
by variation of the operating point. Stabilization from
action of the transistor itself requires that K3G ;L have
a magnitude approximately equal to the value of
RC and YK L must equal the sum of KXG4L and
RC.

The frequency of operation for the oscillator of Fig.
9-2 is given by the equation

9-3
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w =[1/(LC) + GyRKZ/(LC)

— (K (GyK — Yz)/C + R/LY*/4]%5
(9-17)

Once again, the rate of change of w with variation of
either Y or G,may be determined by taking the appro-
priate partial derivative. These partials are

dw/dY; = — KJ|KY,;L — GgK2L — RCl/
(4woC2L)
dw/dGy = RKZ/(LC) — (K (GqK, — Yp)/C

+ (R/L)KZ/(2C) 9-18)
Proper use of these equations can permit at least a
minimization of the frequency error due to the varia-
tion of transistor parameters. Clearly, the smaller the
value of X, (the higher the step-down ratio), the smaller
will be both of these errors. This condition is consistent
with the use of the transistor in the conductance mode,
with a voltage, or low-impedance source, and a current,
or high-impedance output on the active device.

The amplification requirements may be summarized
as follows. First, on initiation, the loop amplification
must be appreciably greater than unity to assure relia-
ble starting, and it must adjust itself to unity smoothly
as the amplitude increases. The variation of amplifica-
tion from cycle to cycle must be less than the variation
over a given cycle of sinusoidal signal to assure a con-
stant amplitude output. Secondly, the amplification
over the operating cycle should vary as little as possible
from the average value of unity if frequency stability is
of prime importance. The mean-square variation of fre-
quency should be minimized as a function of variations
in the operating point, amplification, and input and
transfer admittances.

9-1.4 CHARACTERISTICS OF THE

FREQUENCY SELECTION CIRCUIT

The function of the frequency-selection circuit is to
limit the range of frequencies over which the loop gain
may approach unity to the range over which the oscilla-
tor is to operate. The frequency-selection circuit may
consist of a tuned circuit with appropriate impedance-
matching circuits, or it may consist of an R-Ctype
delay circuit with appropriate matching circuits. It
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could also consist of an appropriately designed delay
line to generate a repetitive signal through time-delay
action.

Because of the nature of resonant circuits, the fact
that the region of maximum response has appreciable
frequency width, the oscillating frequency is controlled
by the time delay required to match the input and the
output phase. This matching is required to provide
energy reinforcement, just as the escapement in a watch
or a clock must introduce a pulse of energy into the
pendulum or the balance wheel at precisely the correct
instant to maintain oscillation. The rapidity of the shift
of phase across the resonant peak determines the rate-
of-change of feedback phase with frequency, thereby
limiting the maximum frequency deviation. Conse-
quently, as shown in Egs. 9-14and 9-18, the percentage
range of frequency error is an inverse function of the
Q-factor of the tuned circuit, it being defined for Fig.
9-2 by Eq. 9-14.

In some types of oscillators, the inductance that has
the components R, jwZ, is replaced by the series combi-
nation of an inductance and a capacitance L' and
C' the total series impedance being

Z,=R +jwl +1/(juC’) (9-19)

If this combination is substituted for R + JwL in the
oscillator equations, and the new equation is solved for
the Q-factor, the result, if L' = 10L;, R = 10R,
C'= C/9 ist

Q= [woL’ - 1/(woC’)]/R’ =

If, therefore, the Q-factor of the higher-inductance coil
is the same as that of the smaller, then the overall
effective Qof the circuit is severely limited. Unless the
effective Qof the higher-inductance coil is much larger

*Clcarly, although the nct reactance is unchanged, the circuit
damping has increased, for the samc coil Q-factor, by thc ratio
L'L. The rate of change of rcactance with frequency has increased
from L to L'/ + L/fw’C’) = 2L'. The nct effect is a negligiblc
change in the ratc-of-change of phasc compared to the simpler
circuit.
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than for the smaller, no benefit can be obtained. Nor-
mally, the losses in the active circuit are much larger
than the losses in the tuned circuit, with the result that
the most beneficial change is a reduction of the overall
impedance level of the coupling circuit.

It is impossible to separate the consideration of fre-
quency and phase in any oscillator, because frequency
is a measure of the rate of change of phase. The varia-
tion of frequency generated by circuit noise in an oscil-
lator carries with it a corresponding shift of phase, and
the net instantaneous phase at any moment is the phase
sum of the noise phase and the signal phase returned
through the feedback path. As a result, the higher the
rate of phase progression across the peak of the re-
sponse curve of the tuned feedback circuit, the smaller
the total effect of random phase, and the more stable
the frequency from the oscillator. Nonuniformity of
amplification over the period of the sinusoidal wave
also introduces a phase error into the returned voltage
that, by reducing the voltage reinforcement in the
tuned circuit, makes the phase progression less stable
and consequently the frequency less stable.

9-1.5 EFFECT OF VARIATION OF

AMPLFICATION

The calculation of the effect of variation of amplifica-
tion can be made by the use of statistical techniques
supplemented by the inclusion of a term that gives the
equivalent effect of the periodic variation. Because the
amplification varies about a mean of unity, the first
moments of the signal must have an average of zero
when measured about a loop amplification of unity.
For this reason, only moments of second or higher
order need be considered. The most important of these

Js

Q

Fig. 9-3. Relation of Aw/w to Q

is the mean-square deviation, which is defined in terms
of the equation

AK, = (K. — 1) (9-21)

where the averaging may be carried out over some
integral number of cycles of the output frequency.

The process of achieving both the condition of unity
average loop amplification and a minimum value of
AK, is of considerable importance, since both condi-
tions must be satisfied simultaneously for maximum
frequency stability. If the variation of amplification
with input signal voltage is exactly linear, it is impossi-
ble to adjust the average amplification directly to unity
unless there is a sharp discontinuity from the linear
relation at one limit, or unless some device sensitive to
signal voltage or power is incorporated to introduce a
variation. Such an action may be accomplished by an
automatic gain-control circuit or through the use of a
power-sensitive device such as a thermistor to control
the sensitivity of a bridge in terms of the signal power
applied to one of its elements. If there is some curvature
in the relation between amplification and signal volt-
age, then the development of a self-limiting condition
can occur if the decrease in amplification for one signal
polarity has a greater effect on the average amplifica-
tion than the increase with the other polarity. If the
effects exactly offset one another, or an increase of net
amplification results, then unstable operation results,
and the oscillator will tend to pulse or squegg.

With most of the conventional tube oscillators, a
linear variation of amplification in conjunction with a
sharp break introduced by grid rectification is used to
provide linear operation and amplitude limiting. With
transistor circuits, however, this arrangement may not
be available to the designer because a low-impedance
signal source is required for the control element, and no
condition of a sharp break of the sort shown in Fig. 9-4
can readily be provided. Consequently, with transistor
oscillators, it is necessary to take advantage of a se-
cond-order nonlinearity that reduces the average am-
plification, and a design procedure of substantially in-
creased complexity is required as a result. For this
reason, although the basic techniques explained in
Chapters 7 and 11 of Ref. 1apply to transistor oscilla-
tors, considerable extension is required to clarify the
procedure.

The mean frequency deviation of the oscillator from
its nominal operating frequency may be expressed in
terms of the equation

9-5
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Aw,/w, = AK,/(2QY (9-22)

where Acw, is the ms deviation of the _instantaneous
frequency from its nominal value, and AK  is the rms
deviation of the amplification. Strictly, these values
include not only the nonlinearity of the amplifier itself
as a result of the signal voltage, but also that due to
noise as amplified in the circuit. The latter produces a
random deviation of phase with time. Consequently,
the AK2 term should be divided into at least two parts

AK, = AK,, T AKx, (9-23)

where the sum of the squares relation is necessary since
the correlation between the sinusoidal signal and noise
is zero.

In practical applications, a nonzero derivative of fre-
quency with time makes necessary a broadening of the
bandwidth required for transmitting a signal. Because
in the final analysis, the bandwidths of precision cir-
cuits can only be determined in terms of the equivalent
noise-widening as observed in a narrow-band filter,
knowledge of the most efficient methods of minimizing
the ratio Aw/w, is of extreme importance. It is neces-
sary for the stability of a calibrating source to be at least

10 times that of the device under test for a measure-
ment of the effective noise bandwidth to give an indica-
tion of the absolute noise stability of the poorer signal.
Otherwise, it is necessary that a series of oscillators be
compared with each other, and each compared one-

Tube input impedance

by-one with all the others to get a practical measure of
the value of Aw,.

The statement is frequently made that the stability of
the output frequency of an oscillator is independent of
the configuration in which the active device is used.
Subject to certain limitations, this is correct, but it is
important that the degradation of the circuit Q-factor
by the active device be identical for the respective cir-
cuits, and also that the variation of the amplification
with signal have the same characteristics and magni-
tude. Unless these conditions are fulfilled, however, the
frequency stabilities will not be comparable.

The effect of variation of the Q-factor for a crystal
on the possible frequency deviation for a crystal oscilla-
tor having a AK factor of 0.5 is indicated in the follow-
ing table, the assumed frequency being 10* Hz.

) 108 2x 100 5 X 104 15 2X10¢ 5 X 15
aw,  15rad 0.38 0.06 0.015 0.004 0.0006
afs 025 cps 0.06 0.01 00025  0.0006  0.0001

Consequently, if a crystal having a Qof 10" is used at
100 MHz, it is necessary that the variation of amplifica-
tion over the signal voltage range be limited to an rms
value of 0.2 for 0.1-Hz bandwidth. Evidently,a thermal
regulator may be desirable if rapid and convenient
starting 1s to be achieved. The very minimum excess
gain that will assure starting is at least 10% for a

Transistor input admittance

Fig. 9-4. Input Impedance
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degenerative amplifier and 50 to 100% for ordinary
circuits.

The Clapp and the Q-multiplier oscillators both can
be designed to take advantage of the high order of
constancy of gain of the emitter-follower circuit when
it is arranged to have minimum loading. (This loading
problem is often ignored when oscillators are designed
around electron tubes as the active device.) It is of
extreme importance that the loading be kept to a mini-
mum, because the value of the Q-factor that must be
used with the equation is the value under operating
conditions.

9-2 AVERAGING OF AMPLIFICATION

The process of finding the conditions for which the
average amplification is unity can be very complex if
the variation of amplification with signal is irregular,
and it can be quite simple if the variation is linear with
signal. Normally it is convenient to calculate the am-
plifications at three points on the cycle of oscillation,
namely, the positive limit of input signal, the negative
limit, and the static value. From these three values the
approximate linearity of variation may be determined
in terms of the equation

AK = 025(K, T K, — 2K,) (9-24)

where AK, the deviation from linearity, ideally should
be very small compared with the positive, negative, and
the static values of the amplification; X, X, and K. If
it is as large as from 10to 25% of one of the typical
amplification values, then a more complex method of
averaging may be desirable; for example, the ortho-
gonal polynomial method described in Appendix C. If
itislessthan 10%, a suitable averaging equation for the
amplification is

K. = 0.25(K, T 2K, + K.) (9-25)

Modified forms of this equation may also be used for
averaging other circuit values when the behavior is
relatively linear.

In addition to the use of orthogonal polynomials, the
Fourier method may be used for averaging when the
amplification is either relatively or significantly nonlin-
car. Both of these methods can be used to handle the
determination of the average amplification in oscilla-
tors in which the nonlinearity is considerable. Exam-

ples of the use of each of these methods are included at
the end of this paragraph, and a more complete expla-
nation of the use of orthogonal and Legendre
polynomials is included in Appendix C.

The polynomial method may be applied to cither
continuous data, in which case the input-output or the
input-amplification relation is known in terms of a
closed function, or it may be applied to discrete data for
either of the functional relations. For the convenience
of the reader, a table of Legendre coefficients for use
with power-series expansions is included in the appen-
dix, along with a discussion of the application proce-
dures in simple problems. One of these tables assumes
that the power-series term is uniquely defined and not
continuously zero over any part of the range —1 <
x <t 1, and the second table gives the values for the
conditions that the term is zero for all negative values
of x, but is nonzero for values over the range 0 <~
x < T1, It may be used for representation of diodes
and class B circuits.

With the polynomial method, a series of polynomials
that are mutually orthogonal when integrated (or
summed) over the range from minus unity to plus unity
are either fitted analytically (continuously) over the
range of the variables to give the best least-squares fit
between the approximating curve and the original func-
tion, or they are fitted to give a least-squares fit at a
series of uniformly spaced data points over the range.
The continuous-fitting method uses Legendre
polynomials, and with discrete data, a discrete series
known as orthogonal polynomialsare used. The ortho-
gonal polynomials have a close relationship to the
Legendre polynomials in that they approach the latter
when the increment approaches zero. The polynomial
coefficients are first determined, corrected if necessary,
and then each of the polynomials is replaced by its
equivalent in the form of trigonometric (ChebychefY)
polynomials, the angular functions being expressed in
terms of multiple angles rather than in powers of the
simple angle. After this substitution is made, then the
coefficients for the corresponding multiple angles may
be collected, and the result is a series of terms in the
various harmonics of the applied frequency. These har-
monics and their coefficients express the response of
the network to a sinusoidal input signal.

The Fourier technique for calculation of the amplifi-
cation is based on the analysis of the amplitudes of the
harmonics generated in a circuit through the introduc-
tion of a sinusoidal input signal of given magnitude.
The ratio of the fundamental output amplitude to the
input magnitude gives the average amplification, and
the ratios of the amplitudes of the higher harmonics to
the output amplitude of the fundamental gives the dis-

9-7
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tortion components for the overall circuit. This tech-
nique is applicable to oscillators because the input sig-
nal can be assumed to be a sine wave, and the distortion
resulting from oscillator limiting can be assumed to be
generated in a separate nonlinear circuit. The spectrum
can be determined in terms of a sine-wave input, and
the component amplitudes determined by the Fourier
analysis. The process is easily applied when the detec-
tor characteristic is known in closed form, but it
becomes more difficult with discrete data such as are
normally encountered with active circuits.

Since the use of Fourier analysis for both discrete
and for continuous data is well known and is described
in most elementary electrical engineering textbooks, it
will not be described in detail here. Fourier analysis,
like the use of Legendre and orthogonal polynomials,
gives the required answers casily and directly because
of the orthogonality of harmonic trigonometric compo-
nents. As with Legendre analysis, the ratio of the am-
plitudes of the output and input sinusoidal components
gives the average amplification.

EXAMPLE 9-1. Determine the average amplifi-
cation of an amplifier having a response defined by the
equation

y =az? overtherange 0= x=1

Both the gain function and the voltage function may
be determined using the Legendre technique. For this
problem, assume that the peak amplification in the
conduction direction is 20. With a square-law response
starting at the static, or Q-point, this means that the
peak output signal is 10 V.

The amplitude of the sinusoidal component may be
found directly by reference to Table C-2 in Appendix
C. The value of the coefficient for the voltage-output
function may be determined by the use of the column
for exponentj = 2, and for the gain function, forj *
= 1. The corresponding values for the other coeffi-
cients are

Eel = 0.375,
Crz = 5/16

Cis = 7/48, Cr, = 0.25,

Substituting in Eqs. C-7 and C-8 of Appendix C gives

K, = 02109, E, = 0429

9-8

Multiplying the first by 20, and the second by 10, gives
the effective voltage output, 4.22 for the first case, and
4.29 for the second.

This result may also be obtained by the use of
Fourier techniques, because if the input is cos w¢, the
output is 10 cos’ w¢ over half the cycle, and zero over
the other half. Using the Fourier integration equation
for the fundamental component gives

r/(2w)
0.5(1 + cos 2wt)
-r/(2w)

sinwt dt

the integration being from —#/(2w) to +7/(2w). In-
tegrating Eq. 9-26 gives the required answer

E, = (10/7) (9-26)

By = 4.244

Three terms are obtained in the integration, two at
fundamental frequency, and one at the third harmonic.
All three contribute because of the half-period integra-
tion time.

This result can also be obtained in terms of ortho-
gonal polynomial expansionsjust as it can in terms of
Legendre and Fourier expansions. The details of the
method of calculation are explained in Appendix C,
and the process of making trapezoidal corrections is
also explained. Assuming that a square-law relation is
known in terms of either of the two following combina-
tions of data, with ¢, = O the static, or Q-point, the
average amplification and output voltage are

(] 0 0.1 0.2 0.3 0.4 0.5 0.6
€ 0 0.1 0.4 0.9 1.6 2.5 3.6
K 0 2 4 6 8 10 12
e 0.7 0.8 0.9 1.0

[ 4.9 6.4 8.1 10.0

K 14 16 18 20

The data for ¢, may be multiplied by the data in the
j = landj = 3 rows of the table for 2n + 1 = 21,
and each of them may be divided by the sum term
S§; to give the required components, approximately 3.9
and 0.42. In a similar manner, the values of the amplifi-
cations may be obtained by the use of the Kdata with
rows Oand 2. Normally, the value based on the amplifi-
cation will tend to converge more slowly than will the
value based on voltages because of the integration im-
plied in the voltage determination.
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The accuracy with which results can be obtained by
these methods depends on the number of data points
that are used for representing the behavior of the cir-
cuit. For example, if n = 4, the smoothing is poorer
and a poorer set of data is likely to result. The accuracy
of the results is significantly poorer with “one-sided”
data than with complete data because of the difficulty
of producing an identically zero value over an extended
range.

The selection between the use of the approximate
equations for the determination of the second and third
harmonics and the use of polynomial methods is based
on the number of data points available and the uni-
formity of the variation they possess. The presence of
a sharp break in the contour, with data available for
more than six points, makes the use of orthogonal tech-
niques desirable. As long as no sharp break is noted in
the data, calculation of the values at three points usu-
ally is sufficient. If the presence of a sharp break is
suspected, however, as many data points as possible
should be used.

9-3 STATIC CIRCUIT BEHAVIOR

The development of the static operating conditions
for an oscillator is as complex as is the determination
of the conditions for unity loop amplification. In fact,
it is not possible to separate the two determinations
because the manner of variation of amplification de-
pends on the way in which the static biasing operation
takes place.

The simplest method of regulating static behavior,
rectification limiting, is difficult to achieve and use with
transistor oscillatorsbecause of the relatively high con-
ductance of the input circuit under amplifying condi-
tions, and because of the relatively uniform variation of
the input conductance. Consequently, the nonlinearity
of the variation of the control current, as well as the
nonlinearity of the variation of amplification, must be
used in the stabilization of simple transistor oscillators.

The requirement that the input power for the feed-
back path be provided at an impedance level that is
small compared to the input impedance of the device
means that the input voltage will be approximately
sinusoidal, whereas the input current will not be. It is,
therefore, important to determine how the current
variation affects the determination of the appropriate
method of introducing control. An examination of the
behavior of a typical transistor under equal increments
of base voltage shows that the average base current, for
a fixed operating point, will increase as the sinusoidal
signal is increased in amplitude. This means that one

possible method of amplitude control for the transistor
oscillator is through limiting its average base current,
as the average forward conductance will then decrease
as the magnitude of the signal current increases. A
typical calculation of such a current averaging proce-
dure is shown in Example C-1 in Appendix C.

Some limiting of average amplification may be ob-
tained with a fixed operating point for an oscillator,
because the effect of base-spreading resistance is great-
est at high current. However, the range of variation
usually is insufficient to assure reliable starting, with
the result that some method of shifting the operating
conditions to an area of reduced average amplification
is desirable.

If the average base current is limited to a fixed value
through the use of a series resistor, the increase of
amplitude of the signal voltage is accompanied by the
shift of the effective position of the output load contour
as is shown in Fig. 9-5. The amplitude of the signal
voltage corresponding to each load line is just that
which will give the required average base current (or
emitter current for a common-base circuit). If the am-
plitude of the oscillation still builds up, it is accom-
panied by a further shift of the position of the load line.

Through the points on this set of load lines a pair of
limit contours may be drawn that represent the excur-
sion for which the average base current exactly equals
that for which the circuit has been designed. These
contours are often convenient to use, so they may be
sketched in, and the positive limit identified by the
symbol C; ,, and the negative by the symbol €} ,,. The
positions of these contours can be determined by calcu-
lation of the average current at sets of data on base
current on several load lines, and then the amplification
calculationsmay be made as required along these con-
tours and the static contour.

The only differencein determining the limit contours
for the common-base oscillator as compared to the
common-emitter is that the calculations are based on
the sum of the collector and base currents rather than
the base current alone. The correction for the load-
contour curvature, which has already been discussed,
may be required, but this correction may be made after
the final steady-state load line is located.

9-4 CURRENT AVERAGING

The averaging of the base or the emitter current in
the oscillator to find the limit points on any given load
line is performed by either of two methods, the three-
term averaging formula for applications in which the
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Fig. 9-5. Effect of Variation of Oscillator Amplitude

variation is relatively linear, or the orthogonal-
polynomial method.

The averaging formula convenient for use with cur-
rent variations which might be called square-law, is
related to the formula used for the averaging of the loop
amplification. It is

L =o025(, tor, *1. (927)

where /, is the average electrode current, /, the elec-
trode current for the most positive value of signal volt-
age on the electrode, L the current at the intersection
of the static and dynamic load contours (the Q-point
current), and 7, the current at the most negative value
of signal voltage. As long as only the first two deriva-
tives of the electrode current are significant over the
operating range of the transistor this equation gives
adequate accuracy.

In oscillators in which higher orders of nonlinearity
are present, the base or emitter current averaging can-
not be accomplished by the simple formula, and it is
necessary to turn to a more sophisticated method, such
as orthogonal polynomials. The sample problem, Ex-
ample 9-2, solved next shows the directness of the
polynomial method and shows how it compares with
the averaging equation.

EXAMPLE 9-2. An oscillator has been con-
structed with a circuit that limits the average base cur-
rent to 90 mA. If the following table gives the values of
the base current for equal increments of base voltage
and the current at the Q-point is 80 pA, find the range
of signal voltage and base current.

9-10

The averaging equation, Eq. 9-27, gives the result
very quickly based on the table

Ve 100 110 120 130 140 150 160 170 180
1y 10 20 35 55 80 110 145 185 230 !

The average currents for peak base-voltage amplitudes
of A¥, =20, 30, and 40 mV are 85.0, 91.25, and 100
A, respectively. Evidently, in the limiting condition a
base-voltage change of approximately 56 mV is devel-
oped.

Using the polynomial method, the tables for
2n 1 =5, 7,and 9 may be used, and the first two
components, namely G, and C,, may be used in the
evaluation of the average current. Trapezoidal correc-
tions may also be included if desired, because the expo-
nent-two condition correction applies. (It is necessary
for only the lowest coefficients to be nonzero for the
correction process to be effective.) The typical calcula-
tion for 2n + 1 = § to give the values of ¢ and
G, follows.

The matrix equations for G, and G, leaving blank
rows for the odd coefficients, are

Cy H 1 1 1 1 1 35
.......................................... 55
C. | = * 2 -1 -2 -1 2 80
............................................. 110
Cy &1Ll —4 6 —4  1]1{ 145,

From this equation, the values of G, G, and C; are:

Co=(H1%x35+1%55+1x80+1x110

+ 1% 145]
=i§§=85uA

Co = [80 + 2 X 85]/(3) = 833
C=F2X35—-1X5-2X8—-1
x 110+ 2 X 145)

=38 =5
Cs = £23 = 6.67

Co= () [1 X3 —4X55+6X8 —4

X 110 F 1 X 145]
=0

Substituting to find 7, gives

1

o

86.25uA, uncorrected (5-38)

83.3t 1.67=85uA, corrected
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The uncorrected average current is 86.25 wA. Similar
calculations may be made using # = 3 and n = 4,
giving corresponding average values of current. The
correct operating conditions are with a signal magni-
tude of approximately 28 mV either side of the quics-
cent point, 140 mV.

Application Notes. The previous discussion is di-
rected to the evaluation of the mathematical tools re-
quired for effective design of oscillators, whether they
are based on the use of tubes, transistors, or other active
devices as the amplifier elements. It is necessary to be
able to locate the operating cycle in two respects, first
with respect to the limits of current or voltage for the
circuit, and second with respect to the overall, or loop,
amplification of the oscillator if effective nonlinear de-
sign is to be achieved. The balance of this chapter is
devoted to the development of the techniques of appli-
cation of piece-wise linearization to oscillators using
transistors, and the following two chapters are devoted
to a detailed discussion of specific circuit applications,
the first application chapter considering Z-C oscillators
and crystal oscillators, and the second considering
R-C-type tuned oscillators.

9-5 BASIC DESIGN PROCEDURES

A general design procedure can be established based
on the previous discussion. The first step, as always, is
the location of the static and the dynamic load lines on
the characteristic curves. A static value of collector
voltage is first selected at a value less than one-third of
the maximum rated collector voltage, and a static value
of the operating current for the control electrode, either
base or emitter, is selected. Then a series of trial load
lines may be plotted, and transferred to the input family
in the usual way (Fig. 9-6). The impedances for these
load lines are given by the Z, for the feedback network.
Since the value of Z, may vary as a result of conduc-
tance loading, the representing contour need not be a
straight line. In case correction for curvature is re-
quired, an initial value of impedance at the static- or
Q-point may be calculated based on the small-signal
data at the rest-point. The appropriate slope may be
determined, and the load contour plotted from the stat-
ic-point in both directions to the adjacent bias con-
tours. New values of slope may be calculated at each
of the adjacent bias lines, and the load line curved just
enough to give the correct slope at the bias contours.
This process is continued until the full operating con-
tour has been plotted. The corresponding input contour
is plotted step-by-step as the output contour is con-
structed.

After a set of input and output load contours have
been plotted, the next step is to mark points of equal
base-voltage increment on the input family and transfer
the points to the output family. Once these points have
been located, the values for the current and voltage
variables and the final values of the small-signal param-
eters may be tabulated from the curves. Then both the
input admittance and forward amplification values and
the average values for the control current may be cal-
culated for use in the design procedure. The balance of
the problem is concerned with the linear components
such as inductors, capacitors, crystals, and similar en-
ergy-storage clements.

The derived-gain form of the orthogonal equations
may be used to determine both the approximate input
admittance and the forward transfer admittance for the
transistor if adequate small-signal data are not availa-
ble. This technique of determining the small-signal
characteristics of a circuit from the static data is not as
good as is using small-signal data in the form provided
on some transistors in Appendices E and F,but because
of the least-squares averaging obtained with the
polynomial technique, it is appreciably better than
evaluation at individual points. The mean value and the
maximum change of the admittances are given in terms
of the K factors of Eq. C-8, Appendix C, Part A,
through the equation

Yo =KJd/V, Yi=KlI/V

9-28
Ymin = YO - Yl, Ymax = YO + Yl ( )

where 7 is the current scaling factor, that factor by
which each of the current entries must be multiplied to
give the current in amperes, and Vis the voltage scaling
factor, equal to half of the total change. Example 9-3
shows how this can be done based on the data for
Example 9-2.

EXAMPLE9-3. Using the derived gain equations
and the trapezoidal correction factors from Appendix
C, calculate the average input admittance and the max-
imum and minimum admittances for the current-
averaging problem, Example 9-2.

The values of C,; and C,, must now be calculated as
they appear in the equation for X,,. The equation for
K, gives either the uncorrected or the corrected values
of the second-harmonic component of amplification,
depending on whether the coefficients are corrected or
not. The values of ¥, and ¥, obtained for V =20 mV
are ¥, = 2750 pmhos, and ¥, = 750 or 1000
pmbhos, depending on whether the data are uncorrected

9-11
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or corrected, respectively. Similar values may be ob-  plification must be generated by variation of the static
tained for other typical operating conditions. operating point. The value of ¥; or K; must of necessity
increase as the amplitude is increased, because the vari-
ations from linearity normally increase with increasing
signal amplitude. The smaller the ratio of K,/K| or
Y,/ Y,, the smaller the distortion and the higher the
frequency giapility Of the oscillator.

The value of K, or Y0is important in that it measures

the linear behavior of the device, whether it is an input
or a transfer coefficient. Similarly, the value of ¥, or
K| measures the distortion or nonlinearity in the cir-
cuit. The value of ¥, or K, may be independent of the
operating amplitude, in which case limiting in the am-
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CHAPTER 10

PRACTICAL L-C OSCILLATORS

10-0 INTRODUCTION

The development of practical designs of L-C oscilla-
tors based on the techniques described in Chapter 9
requires the coordination of network properties with
the properties of active devices. It also requires the
selection of transistors capable of functioning as re-
quired. With some minor limitations, any transistor
that can be used below its upper noise corner frequency
/f,» may be used effectively in an oscillator circuit. How-
ever, because some of the parameters of transistors
introduce significant effects into the behavior of an
oscillator circuit, a discussion of the factors that can
deteriorate the performance of the circuit is important.

One of the parameter groups important in the design
of oscillators is the group including the series element
resistances 7,75+, andr,.. Each of these should be as
small as possible because each has its own degrading
effect on transistor behavior. The effect of the presence
of r,is to reduce the effective values of forward admit-
tance available, limiting the effectivenessof a transistor
as an active element. Similarly, the presence of #,either
makes signal injection into the base junction difficult or
it introduces a regenerative effectinto the overall cir-
cuit. The presence of 7,+in the circuit tends to introduce
instability inasmuch as it makes necessary the intro-
duction of a phase-shift and more than the design
amount of gain into the amplifier.. A signal voltage
proportional the internal impedance r,» must be devel-
oped in addition to that required by the amplifier load
circuit when this series impedance is present.

One type of transistor normally has comparatively
large values for all three of these internal impedances,
and at least one impedance.r,, has both resistive and
reactive components. This type of transistor, the
grown-junction transistor, is for that reason relatively
less satisfactory for oscillator use than many of the
other common forms. Transistors having a base,whose
conductivity increases toward the emitter junction can
be made with the smallest values of r,, and they also
can be made with rather small values of r,,.. The value
of r,, present in a given transistor, particularly one of
the alloy variety, depends primarily on the processing

detailsrather than on the physical design of the collec-
tor region. The epitaxial design of the mesa transistor
is particularly effective because of its small value of
r.(Ref. 1).

Alloy and surface barrier transistors, meltback,
graded-base, and mesa transistors all are likely to have
the properties required for use in an oscillator. Other
types may also have the required properties, but their
characteristics should be given close scrutiny prior to
selection for use in a circuit.

10-1 THE BASIC L-C OSCILLATOR

The basic equations for direct-coupled L-C oscilla-
tors may all be derived in terms of a single basic config-
uration, because the active device enters into the action
primarily in the process of cancelling out the positive
resistance of the frequency-selection circuit. This rela-
tion is a result of the fact that no matter how the
configuration is arranged, the amplifier is required to
provide a unity loop-amplification, and it is adjusted to
do so. The method of adjusting the amplification to
unity does not appear directly in this derivation, nor
does the amount of energy required of the frequency-
selection circuit by the active device appear in the equa-
tion.

The fact that all of the basic oscillator forms, com-
mon-emitter, common-base, and common-collector,
can be studied on the basis of a single circuit has led to
some confusion on the relative frequency stability of
the three forms. As was shown in Chapter 9, the fre-
quency stability of an oscillator depends primarily on
the magnitude of loading reflected by the active device
on the tuned circuit, and the magnitude variation of the
amplification with signal level. This being the case, the
best stability can be expected for the arrangement giv-
ing the smallest loading and the smallest variation of
amplification. Evidently, the common-base oscillator
circuit has reduced stability because of the input signal
power required by the emitter of the transistor, and by
the fact that it has a reduced power gain compared to
the common-emitter configuration.

1041
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The selection of a configuration between the com-
mon-¢mitter and the common-collector form is some-
what more difficult. The power gain in the common-
collector amplifier is much smaller than for the
common-emitter, but the uniformity of loading and the
uniformity of gain are both much better. Consequently,
the selection between the two can be rather difficult. If
the common-emitter circuit is properly designed, it can
be used in excellent high-stability oscillators, but other-
wise, the common-collector circuit often gives the most
stable arrangement. That this is true can be recognized
from the large amount of use made of Clapp and Q-
multiplier type cathode-follower oscillators. The stabil-
ity improvement in both examples is a result of the
reduced and more uniform loading of the active device
on the tuned circuit and on the more uniform amplifi-
cation.

The basic oscillator configuration, which is impor-
tant with energy-storage oscillators (oscillators in
which frequency control is a result of exchange of en-
ergy between devices capable of possessing kinetic and
potential energy), is shown in Fig. 10-1. This circuit
utilizes an active amplifier and three reactive elements,
two of which possess the same kind of energy-storage
and the third which stores the alternate form of energy.
If two of the eclements are capacitors, the third is an
inductor, and the oscillator is a Colpitts oscillator; if
two are inductors, one is a capacitor, a Hartley oscilla-
tor. Normally the two inductors are both parts of a
single tapped inductor, and a relatively high coefficient
of magnetic coupling exists between the sections. The
coupling simplifies the transformation of impedance
required in oscillator circuits.

The basic equations for the general oscillator shown
in Fig. 10-1are rather similar to those derived in Chap-
ter 9, in that they relate the amplification of the active
device to the frequency-selection and transforming ac-
tion of the storage circuit. They differ only in that the
adjustment of the voltage amplification is obtained
through the action of the two like-reactive elements
directly, instead of including a separate factor for the
adjustment. The common or ground point is taken at
one end, or at the junction of unlike elements, if either
the common-base or the common-collector circuit is
used, and it is taken at the junction of like elements if
a common-emitter circuit is used.

The input, output, and transfer characteristics of the
circuit of Fig. 10-1 may be readily analyzed either by
standard methods or topologically, giving the basic in-
put, output, and transfer impedances as

10-2

Z, =11 +Y/Y )/ (¥, + ¥pl/

(10-1)

Zo=[(1 +Y,/Y)/(¥, + ¥/
[1+ <Y2Y3/(Y2 + Y3)>Y1]

(10-2)

Zp = [1/(Y2 + Y3)]/[1 + <Y2Y3/(Y2 + Y3)>Y1]
(10-3)

If the substitutions required for a Colpitts oscillator are
made, namely,

1/Y: = Ry + jwly, Vi = juC,, Y; = jwCs
(10-4)
then these equations take the form
= Llcs/ <RICZ(CZ + Cs))
Zo = Ry~ 1/(jwCy))/ (jwCsR) (10:6)

= LICZ/ <RIC3(CZ + C3)>

Zr == 1/(w'RiCyCy = — Li/{Ry(Cy + Cy))
(10-7)

when the frequency is

w2L1C2C3 = (C2 + Ca)

These relations are subject to the restrictions Ry <€
1/(wC;) and Ry € 1/(wC3).

Fig. 10-1. General Oscillator
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Taking the ratio of Z,/Z, shows that the impedance
ratio, input to output, is

Z1/Zo = C3/C; (10-8)

This square relation only holds when the restrictions
given on K, are valid; otherwise the loading current
may be large compared to the charging current, which
measures the circulating energy in the network.

In actual practice, the tuned network is loaded not
only by its internal impedance but also by an output
conductance that represents the loss component of the
feedback circuit. This loss is primarily present on the
output, but a small amount also is present on the input
side of the network in typical applications. The circuit
of Fig. 10-1 may be re-analyzed to include this shunt
loading, and essentially the same results as those just
derived will be obtained. Each of the shunt conduc-
tances may be converted into an equivalent series resist-
ance by the typical conversion equation

R, = gL/C (10-9)

where gis the conductance, L is the associated induc-
tance, and Cis the capacitance in parallel with g If the
sum of R, and the resistance R of L is small compared
to the reactance of the individual capacitances in the
circuit, or

1/wCy>> By + gL/ Cs

then the transformation Eq. 10-9may be made, and the
input impedance equation may be written

Zr = LiCy/[RC(C, T C; F CuRyg)

+yL Hroc/cl (10-10)

where gnow is the load conductance in parallel with
C;. Normally, the term gR, under these conditions has
a value small compared to unity, and can consequently
be neglected. The equation for the input impedance
may now be reduced to

ZI = L103/[R102(02 -+ 03) + ngCg/C';;] (10-11)

Dividing numerator and denominator by C%/C; gives
the modified result

Zy = L1(03/02)2/[R103(Cz + Cz)/cz + ng]
(10-11a)

The last terms in the denominators of Egs. 10-11 and
10-11a convert the shunt conductance into the equiva-
lent series resistance and scale them in accordance with
the transformation ratio for the circuit. When g = 0,
this equation reduces to Eq. 10-5.

The transfer term for this circuit may be evaluated
similarly

Zr = _LICK/[R103(02 + Cs) + ngcz] (10‘12)

Clearly, the larger the internal resistance in the coil or
the larger the shunt conductance on the output, the
lower the transfer impedance. For optimum operation
of a transistor oscillator, the second term in the
denominator should be comparatively small, because
only if the loading from the transistor is kept small are
the required voltage-drive conditions available. This
term may be kept small if the value of G, is kept small,
and the value of C and L, adjusted to re-establish
resonance. Larger values of both are required. The
ratio of C; to G, should be kept as large as possible
within the other circuit limitations.

The limiting conditions for the tuned circuit of the
general oscillator may consequently be summarized in
terms of the following inequalities

Re (y,) X Re (Z5) <1
Re (y:) X Re (Zo) <1

(10-13)

where the y; and the y, are the input and the output
admittances of the transistor in the configuration used,
and the Z, and the Z, are the tuned impedances of the
frequency-selection circuit.

The shunt capacitances of the active device do not
enter into consideration in this portion of the design
problem because for practical purposes they may be
lumped with the capacitances of the circuit itself. If the
base-spreading resistance for the transistor were zero,
the capacitances would enter only into the selection of
the total values of capacitance, but since it is not zero,
the decoupling effect in the input must be considered.

10-3
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The Hartley oscillator differs from the Colpitts only
in that the capacitors in the Colpitts are replaced by
two magnetic-coupled inductors in the Hartley config-
uration, and the inductor is replaced by a capacitor.
This arrangement does not require capacitors of as
large a value as are required with the Colpitts, with the
result that it is used for relatively low-frequency ap-
plications, whereas the Colpitts is more suitable for
high-frequency applications.

The behavior of the Hartley circuit differs in one
other significant way from that of the Colpitts, in that
if the magnetic coupling between the two sections of the
inductor is relatively high (it usually is), then trans-
former action can be utilized to obtain the required
current gain to the output of the circuit. Consequently,
smaller values of Q-factor can be used for the tuned
circuit without loss of circuit efficiency. The input and
the transfer impedance equations take the form

Zp = [Y,Y,Y; 4+ Y.Y3Y, — Yiysayse — YAZ_Izaysz
— Yiyasyal/ [Y1Y:Y3Y: — YiYiyesys
+ Y1Y2Y3yg + Y1YoYgys — YoYaynys
— YoY yosys — Y1 Yoyusys — Y1Ysyzayaz] _
(10-14)

Zr = [Y1Y2Ys - Ylyzsyaz - Yzysysz]/[Y1Y2Y3Y4
— YiYiymys + Y1YoYays + V1Y Yiys
- Y_2Y4y23ym - Yzyayzsyaz

— Y oyaye — YiYsyoyal (10-15)

If these equations are multiplied, numerator and
denominator, by the product Z, Z;z,;z,,, and the substi-
tutions of the various admittances and impedances
made in accordance with the following equivalents

Yl = ijl, Zz = R2 + ijb
Y4 = g;,

Za = Ra +ij3,

23 = joM, 2z = joM

(10-16)
and the additional substitutions made

w? = 1ACy(Ly + Ly + 2M + g4RyLy + g4LoRy))

(10-17)
10-4

Eqs. 10-14 and 10-15 simplify to the form

Z1 = [Ly + CiEyRs — (L,L; — M%)/
(Lz + La + 2M)]/ [C(Rz + By

- g;(LzLa - MQ)/CI(L2 + L; + 2M)>]
(10-18)

= [Ly — (LaLs — M?)/(Ly + Ls + 2M)}/
[Cl(Rz + Rs) — qu(LaLy ~ Mz)/

(Lr + Ls + 2M)] (10-18a)
2 (Ly + M)?/{C{Ry + R3)
(Ly + Ly + 2M)) (10-18b)

when the coupling Coefficient is large. The transfer
impedance is

Zr = _(Lz + M)(La +M/CI(R2 +R3)

(L. T L, +2m) (10-19)

These equations assume that the input conductance of
the active device, g, is small to comparable to the loss
in the resistance components of the tuned circuit. This
condition is required for effective amplitude control in
the oscillator and also for a minimum magnitude of
distortion and a maximum overall frequency stability.

In the transfer impedance equation, Eq. 10-19, the
parallel combination of (L, + M) and (L; + M) de-
termines the value of the numerator, and the total series
dissipation resistance and the capacitance C, the
denominator. For the Colpitts circuit, the capacitances
are serics-summed. The shunt conductanceis relatively
unimportant with the Hartley oscillator as long as the
coupling coefficient is high, or L,L, — M? is small
compared to (L, + L, — 2M)’. If the coupling is
small, then the circulating current must be large com-
pared to the load current in g,, as is the case with the
Colpitts oscillator.

The product of the transfer impedance of the cou-
pling network by the transfer admittance of the transis-
tor gives the loop amplification of the oscillator circuit
as a whole. This product is used with the small-signal
data from the transistor curves to determine the limit-
ing conditions. The transfer impedance is the product
of the circuit Q by the combined parallel admittance of
the clements ¥, and ¥; and as such can be evaluated
in terms of the frequency, the Q, and the equivalent L
or C Because many low-power transistors have for-
ward conductancesin the range from 10,000 to 200,000
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pmbhos, the desired value of the transfer impedance for
the coupling circuit lies between 5 and 200 ohms. Be-
cause the @ (loaded) for the circuit should be made as
large as possible, in excess of 100 as a minimum, the
effective R F resistance of the circuit must be much less
than an ohm, often less than hundredths of an ohm.
The nominal value of K, is given by the equation

R, =Z,/Q?

Consequently the design of the feedback circuits for use
with transistor oscillatorsis a particularly critical pro-
cess.

10-2 TUNED CIRCUIT DESIGN

The range of values for the trans-impedance for the
coupling circuit of a transistor oscillator is at least an
order of magnitude smaller than the correspondingval-
ues for tube oscillators. As a result, extremely small
valuesof inductance and large values of capacitanceare
required for use in the tuned feedback circuits. In par-
ticular, the difficulty encountered in finding capacitors
having the required stability of capacitance along with
low internal inductance and leakage can make the prac-
tical design of the coupling circuit the most’critical part
of the entire design procedure.

Normally, the tuning capacitors for an oscillator are
either mica or air capacitors, and they may be either
fixed or variable, depending on the application. Air
capacitors are not readily available with capacitancesin
excess of 1000 pF, and mica capacitors suitable for use
in electronic equipment seldom have capacitances
greater than 10,000 to 20,000 pF. As a consequence, a
simple Hartley oscillator cannot be expected to func-
tion adequately at frequencies below about 15MHz, as
the capacitive reactance of a 0.01 mF capacitor such as
is required with the transistor version is 1 ohm at 15
MHz. In a similar manner, a Colpitts oscillator using
a transistor cannot be expected to function properly at
frequenciesunder 50 MHz, as an adequate network for
providing the ratio of C,/ G, cannot be assembled using
available capacitors.

The low-frequency limitation on transistor oscilla-
tors may be surmounted by the use of a Hartley config-
uration with collector connected to a tap. In this way,
a relatively smaller capacitance capacitor can provide
a large value of apparent capacitance at the collector
terminal. Such an arrangement is shown schematically
in Fig. 10-2. Then, the impedance level for the frequen-
cy-selectioncircuit can be as much as ten or more times

Vee
.’.———4

Fig. 10-2. Hartley Oscillator

the levels used for the transistor connections, and the
general stability of the circuit can be greatly enhanced.
The transistor is almost too good an amplifier! When
the operating frequency is sufficiently high that the
total series capacitance required is less than or in the
neighborhood of 1000 pF, then the circuit configura-
tion used may be the Colpitts circuit, and for lower
frequencies, the standard Hartley or the tapped version
of it may be used.

The self-resonant frequency, under excitation, of the
inductors and capacitors of a coupling network should
be at least ten times the operating frequency of the
oscillator, and, where possible, it should be even larger.
Otherwise, the internal parasitic parameters of the
componentscan seriously degrade the general perform-
ance to a point that the general oscillator stability may
be unsatisfactory.

Testing for the self-resonant frequencies is accom-
plished with the help of a grid-dip meter. With an
inductor, the operating frequency of the grid-dip oscil-
lator is varied until a frequency is found at which power
is absorbed from the oscillator. This test is made with
the inductor disconnected from all associated compo-
nents, tubes, transistors, resistors, or capacitors, but it
should be made with the inductor left in its normal
operating environment. The absorption frequencies are
ones at which the internal inductance resonates with
the internal stray capacitances. The lowest frequency at
which this phenomenon is noted is called the self-reso-
nant frequency; above this frequency additional ab-
sorption frequencies may be found.

With a capacitor, the resonant frequency is found in
a similar manner. First, however, the leads for the
capacitor are shorted together in a manner that makes
the amount of lead inductance a minimum. The grid-
dip oscillator is coupled magnetically to the shorted
leads, and its frequency is varied until an absorption
condition is found. This frequency also is a self-reso-
nant frequency. With a mica capacitor this frequency
is much higher than with ordinary paper or film capaci-

10-5
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tors, and typically is about 37 MHz for a 1000 pF
capacitor. Since such a capacitor has 4 ohms capacitive
reactance at its resonant frequency, it is evident that a
considerable problem can be expected because of the
low impedance levels at which the circuit must func-
tion.

The fact that the input capacitance of a transistor
may be as much as 100 or more times as large as its
output capacitance makes the use of unbalanced pi
circuits, with C; much larger than G, a necessity with
Colpitts circuits, and it also makes essential an imped-
ance step-down to the input with the Hartley circuit.
Otherwise, it would be possible to use a balanced circuit
as an impedance transformer. The high value of con-
ductange reflected from the transistor input makes the
use of a balanced network inadvisable, because it ad-
versely affects the frequency stability.

Two examples of the design procedure for oscillators
are now considered to show the detail .procedure and
the problems that may be encountered. For the first of
these examples, the 2N247 transistor has been selected
as the active device.

EXAMPLE 101. Design a Hartley oscillator for
operation at 10 MHz, the oscillator to use the 2N247
transistor. Make a design assuming a standard Hartley
configuration, and then redesign using a tapped config-
uration. Take the value of the effective forward admit-
tance as 25,000 pmhos.

The transfer impedance associated with the transis-
tor is 40 ohms for unity loop gain. For a circuit Q-
factor of approximately 100, the reactance level for the
transfer impedance is 0.4 ohm. The coefficient of cou-
pling for the windings may initially be selected as unity,
and a simultancous solution made for L, and L, in
terms-of the frequency equation and the equation for

ZT.
For a given total  inductance, L, where Ly =L,
+L3 +2M,  the maximum possible value for the

mutual inductance, M under conditions of unity cou-
pling occurs when the two inductors L, and L; have
equal value. Then the mutual inductance is equal in
magnitude to both L, and L;, and is one-quarter of the
total inductance if a series-aiding connectionis used. A
table (Table 10-1)may be prepared showing the relative
magnitude of the mutual inductance as a function of
the ratio @ = L3/L,. The value of a gives the voltage
ratio across the inductors for unity coupling between
the coils. These data are also plotted in Fig. 10-3.1f the
coupling is less than unity, the ratio is the product of
the value of @ and the value of the coupling factor k.
The equation for Z may be rewritten in the form

10-6

Zyp==kvaLyl - (& - 1/k)WVa
+2(k% ~ Val/[R, + Ry — g4

X (LyLg — MY)/{Cy(Ly + Lg + 2M))IC,
(10-20)

$ =Ml - (- 1/EWa + 2k~ 1al/
CylRy + Ry — g4(LyLs — MY/

(Cl(LZ + L3 + ZM))] (10-203)

= —wM/Q (10-20b)
This last form applies either if the value of kis approxi-
mately unity or if the value of @is very small compared
to unity so that the numerator of Eq. 10-20a has a value
approximately equal to M The value of M required
may be determined using this equation, and the value
of Ly corresponding to it may be determined. Finally
the value of C; may be calculated.

If a trial value of M of one-fifth of the total induc-
tance is selected, the total impedance level is 200 ohms.
For a Qof 100, the value of capacitange, C, required
is 0.01 mF, and the inductance required is 0.03 pH.
Evidently the inductance size is excessively small and
the capacitance size excessively large for an effective
design.

Either the use of a tapped coil having a higher imped-
ance level or the use of a smaller value of ais desirable
for this oscillator. If the value of ais 0.15, and the
capacitance required is 1000 pF, the correspondingin-
ductance is 0.3 wH. This inductor requires approxi-
mately three times the number of turns as the inductor
for the straight design. The collectoris tapped down on
the coil so that the higher impedance level does not
increase the transfer gain in the circuit, Fig. 10-4,

The approximate output impedance level of the
tuned circuit is 0.06 X 200 = 12 ohms, because

(Ls+M)/Lyr =1~ (L + M)/Ly
and the output impedance is approximately

Zy= (Ly + MY (LrCi(Ry + RY))  (10-21)
This impedance is certainly negligible compared to the
input resistive component of the transistor. Conse-
quently, all of the circuit conditions comply with de-
sign requirements, and the final small-signal design
may be completed. The input impedance correspond-
ing to the transfer impedance of 42 ohms may be deter-
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M/Ly

TABLE 10-1
RELATIVE MAGNITUDE OF MUTUAL INDUCTANCE AS A FUNCTION
OF a
a \a Ly/Lr (Le+ M)/Lr  M/Lr
0.005 0.071 0.873 0.935 0.0617
0.01 0.10 0.826 0.909 0.0826
0.02 0.141 0.768 0.877 0.1086
0.05 0.224 0.608 0817 0.1492
0.10 0316 0.577 0.759 0.182
0.15 0.387 0.520 0.721 0.201
0.20 0.447 0.499 0.691 0213
0.30 0.547 0.419 0.647 0.229
0.40 0.632 0.376 0613 0.237
0.50 0.707 0.344 0.587 0.243
0.60 0.774 0317 0.564 0.246
0.70 0.836 0.297 0.545 0.248
0.80 0.894 0279 0.528 0.249
0.90 0.950 0.263 0.513 0.250
1.00 1.00 0.250 0.500 0.250
1.10 1.048 0.238 0.488 0.250
1.50 1.224 0.202 0.451 0.247
2.00 1.414 0.172 0414 0.243
3.00 1.732 0.134 0.366 0.232
4.00 2.00 0.111 0.333 0222
5.00 2.236 0.096 0.309 0.213
6.00 2.446 0.084 0.292 0.208
7.00 2.642 0.075 0.274 0.199
8.00 2.828 0.008 0.263 0.193
9.00 3.00 0.062 0.250 0.187
10.00 3.162 0.058 0.240 0.182
20.00 4.462 0.033 0.182 0.149
50.00 7.071 0.015 0.114 0.109
100 10 0.008 0.091 0.083
200 14.14 0.004 0.066 0.062
0.3 o 1
= T
0.2+ ) 2N247
[ J
01+ : 2 v =
ce BB
1 t } } ] Fig. 10-4. Oscillator Circuit
001 a1 | 10 100

mined by the use of Eq. 10-18b, and the values used for

log L3/L, establishment of the dynamic load conditions. The re-
sulting impedance is 144 ohms.
If a new design is made with a = 0.01 for a tums-
Fig. 10-3. Ratio of M/L to L,/L, ratio of 10, the total inductance is 12 times the mutual
L,=1L, + L, +om inductance, and the total 1s 0.72 pH. This increases the
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available collector impedance to approximately 436
ohms. A still higher value would be helpful. Because
the value of Mis the mean of the values of L, and
L, (assuming a coupling coefficient & of approximately
unity), Z, is considerably less than cither Mor L, in
magnitude.

A static supply voltage of § V may be selected be-
cause the curves in Fig. 10-5 do not permit design at a
higher voltage level. The initiating point should be se-
lected to give a forward conductance somewhat greater
than 25,000 pmhos; a suitable selection is a collector
current of 0.8 mA. Through this point, the reference
load line should be drawn and then transcribed to the
input family.

At this stage of design, it is evident that the voltage

scaleis too compact to permit an efficient design calcu-
lation to be made; consequently, a replot of the curves
has been made on Fig. 10-6that spreads the range from
4.5 to 5.5 V out over the full chart. Then the design
process may be continued. A series of trial load lines
parallel to the reference line may be drawn, and the
static operating limits on each determined. Then the set
of conditions yielding unity loop amplification may be
found.

Evidently, effective design of useful oscillatorsat rea-
sonable impedance levels requires that the transistors
be used at relatively small values of forward conduc-
tance and at relatively small collector current. For this
reason, curve data for transistors for oscillator service
should be based on a maximum collector current value
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Fig. 10-5. 2N247 Oscillator
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of 1 or 2 mA. Operation under these conditions also
minimizes the effect of base-spreading resistance be-
cause the input admittance of the internaljunction then
is conveniently small.

The averaging of the forward conductance can be
achieved directly by use of orthogonal polynomials as
described in Appendix C, or by the use of the formula

Yfa = 0.25(Yfp + 2Yf, + van) (10-22)

As described in the previous chapter, a series of points
are marked on the input load contour, these points

being spaced at equal voltage increments from the
static value. These points are transferred to the output
load line and either of the averaging techniques is ap-
plied to the data obtained from them. The series of
points that gives the correct average value of current
represents the full range of operation of the transistor
along any given load contour. The forward admittances
are averaged over the full operating range, and the one
providing unity loop amplification represents the cor-
rect limit cycle.

EXAMPLE 10-2. Design a Colpitts oscillator us-
ing an SBDT-10X transistor, the oscillator to operate
at 100 MHz. The base-to-emitter capacitance is 60 pF.

10-9
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The output capacitance of a transistor such as the
SBDT-10X unit is about 2 pF. The reactance of this
capacitance is 833 ohms, and including the circuit Q-
factor, the resonant impedance may be up to 100 times
this value, possibly more if the output admittance of the
transistor has a sufficiently small real component. A
static operating point may be selected at — 3V and 0.8
mA. The optimum load impedance for use with this
static condition is the one giving the maximum poten-
tial power output

ZI = Vcc/Ic, = 30/00008 = 3750 Oth

Assuming a Q of 100 for the circuit, the value of X, is
37.5 ohms, and the required value of capacitance is 44.4
pF.

The forward conductance of the transistor may be
determined by an orthogonal expansion of the gain
function in terms of the output currents and input volt-
ages. In Fig. 10-7, the output load line has been trans-
ferred to the input family and five equal increments of
base voltage have been marked at spacing of 10 mV,
giving a total excursion of 20 mV either side of the
static-point. If the fundamental component of amplifi-
cation is calculated and divided by 0.020, the forward
conductance results. It has an average value of 23,700
pmhos at a static current of 0.8 mA. The tabulated data
follow..

Datum

Point Vb Vc Ic Id
0 125m 4.4m 0.43m 103u
1 135 3.64 0.82 148
2 145 3.00 0.80 192
3 155 1.91 1.10 260
4 165 0.90 1.36 322

If the table for 2n + 1 = 5in Appendix C is used to
calculate uncorrected and corrected values for the
C''s, the corrections being applied up to the third order
only as a consequence of the small number of defining
data, the results are

G, =0862 G, = 0.841
C, = 0.468,

C. = 0.037, C, = 0049,
C,, = 0003, C, = 0.008,
Ca = 0.0041

The average value of collector current is 0.853 mA, and
the average value of forward conductance is the 23,700
pmhos previously listed.* The average value of the in-
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put admittance may also be determined from the same
data. The corresponding coefficients are
G, = 213, ¢, = 110,
G, = 34,
C, =05 and C,, = —0.2.
The corresponding input conductance is
G, = 0.000112/0.020 = 5600 umhos

This corresponds to an input resistance of 180 ohms.

Consequently, if base-spreading resistance can be
neglected (its value is approximately 51 ohms for the
SBDT-10X), the transfer impedance for the feedback
network is somewhat greater than 42.2 ohms, and its
output impedance must be appreciably less than 90
ohms. The approximate step-down is given by the ratio
G,/ G, The ratio of the input to the transfer to the
output impedances for the general circuit may be writ-
ten in a combined form to cover both the Colpitts and
Hartley oscillators

Z1/Zr/Z0 = Ly/M/Ls = (C3/C2)/1/(C/C3)
(10-23)

With Z, having a value of approximately 3750 ohms,
and Z;of 42 ohms, the ratio of G,/ C, is approximately
1/80, and the ratio of Z,/Z, is approximately 6400.
The effect of base-spreading resistance and the loss of
forward conductance at high-frequency may reduce the
available amplification, however, and make the use of
a smaller ratio of capacitances necessary (Ref. 2). The
effectivereactance of the input capacitance for the tran-
sistor is less than 30 ohms at 100 MHz, and the magni-
tude of the forward conductance may be less than half
the nominal value, its phase delay as much as 60 deg.
An additional loss of half is required to correct the
phase-shift. As a result, the value of transfer impedance
used must be increased at least to 170 ohms, and the
capacitance ratio C,/C, must be larger than 0.05.

10-3 CIRCUITS FOR COMMON-BASE
OSCILLATORS

The tuned coupling circuit, which is required for use
with a common-base oscillator, differs in two ways
from that for the common-emitter oscillator, first in
that phase-inversion is not required, and second in that
the impedance ratio required is considerably larger be-
cause of the extremely low input impedance of the

*There are insufficient data for accurate determination of a
value of C, or for correcting it.
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Fig. 10-7. Design of Colpitts Oscillator SBDT-10X for Example 10-2

active device. Instead of having an RF ground in the
middle of the coil or at the tap between the two capaci-
tors, the ground for the common-base circuit is at one
end of the coil (Fig. 10-8). The equations for the Hart-
ley oscillator in its common-base configuration need no
other change than noting that L, in the numerator of

now is the total inductance, and L, is only a part of
it. A similar change is required for the Colpitts oscilla-
tor in its common-base configuration, the input capaci-
tance in the numerator of the input impedance expres-
sion now being

Cg' = 0203/(02 + C3)

The tapped coil arrangement is the better one to use

L

Vee Vee

Fig. 10-8. Common-base Oscillator

where possible with the common-base circuit, because
the impedance ratio required is too large to handle
through the action of the circuit Q-factor. Typically,
the ratio may be as large as 2000 : 1, and the corre-

10-11
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sponding capacitance ratio would be 45 : 1. An operat-
ing Q-factor for the circuit as large as 200 or more is
required for efficient and stable operation.

Because of the magnitude of input current required
by the active device in the common-base circuit and its
resultant low input impedance, a magnetic-coupled cir-
cuit (Fig. 10-9) often is desirable as the frequency-
selection and feedback network. The tuned circuit
should be placed at the point in the circuit in which the
loading due to the transistor is a minimum. In both the
common-emitter and the common-base circuits, this
location is in the collector circuit because the shunt
capacitance and the shunt conductance both are small-
est there. The selection of the collector return for the
tuned circuit is much more important with the com-
mon-base oscillator because of the much higher input
conductance in the emitter return than in the base.

Inductive coupling is convenient in another way, in
that the capacitance values required for construction of
the feedback circuit are considerably smaller than the
values required in the Colpitts and the Hartley circuits.
An untuned link is used to couple energy into the input,
cither the base or the emitter, and it is partially reso-
nated by the input capacitance of the device. In the
common-base circuit, the effect of base-spreading re-
sistance is minimized and the energy can be introduced
comparatively effectively.

The value of the reactance of the output link should
at most be equal to the equivalent input resistance of
the circuit, or

XoG:i £ 1 (10-24)

where X, is the reactance of the output link. Then the
coupling between the link and the tuned circuit should
be adjusted until sufficient power for the development
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of unity loop amplification is provided to the input. The
case of adjustment of feedback through the variation of
the magnitude of the coupling coefficient makes this
type of design particularly convenient to use.

The procedure for the design of common-base oscil-
lators closely resembles that for the common-emitter
oscillator. For an exact design, it is desirable to make
the configuration correction already described which
transfers the common-emitter load contours into com-
mon-base contours, and then to adjust for constant
emitter current, because the emitter current is stabil-
ized in this type of circuit. The limit contours are estab-
lished in the same manner as before, except for the fact
that the emitter current is averaged rather than the base
current, and the small-signal equations used are for the
common-base configuration.

The small-signal equations for the impedances of the
feedback circuit using magnetic coupling are

Z; =L,/(RC) (10-25)
Zp == kvYLy,L,/(RC) = = M/(R,C)
(10-26)

Zo = joly ¥ b/ — LC T juRi0)]
(10-27)

Zy t jwLy + M*/(RLC) (10-272)

where the resonant frequency is defined as w?L,C=
1. Evidently, the first two are resonant in nature, that
is, they depend on the resonance of Z, and C, whereas,
because of the relatively small coupling, Z, does not
depend on the resonance to any great extent. When the
last equation is simplified at resonance to give the form
of Eq. 10-27a, further simplification by substitution for
Mgives the form

Zy = jwLy +k*Ly/(R,C) (10-28)

For large values of %, the value of Z, will depend on
the resonant circuit; for small values, on the coupling
link. For this reason, a small value of coupling that will
give the required transfer impedance with a reasonable
value of L, should be selected.

The effective value of the secondary inductance Z,
may actually be increased through the action of the
load capacitance from the input of the active device, the
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modified value of the inductance being given by the
equation

Leff = Lg/[l - chi/(L1C)] (10-29)

If the magnitude of the ratio in the denominator is
greater than 0.1, then the value of Z, should be chosen
to allow for the effect of the difference. Otherwise, the
tuned impedance of the output circuit may be exces-
sive.

10-4 A SERIES-MODE OSCILLATOR

A series-mode circuit like that shown in Fig. 10-10
is commonly used in the construction of crystal oscilla-
tors, and it may also be used with L-Ccircuits if ade-
quate step-down is incorporated. An extremely large
value of Q-factor is desirable in the series element Y to
give maximum frequency stability and minimum series
impedance at resonance. Since the circuit must be used
in the common-base configuration, current gain is re-
quired at the input point to provide for the less-than-
unity gain from the emitter to the collector. This is the
reason the inductor is shown tapped. The auto-trans-
former action gives the current gain required.

The equations for use with this coupling circuit,
where G;is the input admittance of the associated tran-
sistor, are

Zr = Lr(1 + GiZ,)/[RrC(1 + G:Z,)
+ G{Li + C(RiRs — o*(LnLs — M®))]
(10-30)

Zr = (Li + M)/[R:C(1 + G.:Z,)
+ G{Ly + C(RiRy —~ w¥(I1L, — M%)
(10-31)

Zo = (Z,(1 — &*LsC) + jo[Ly— *C(L1L, — M?)])/
JolRrC(1 + G:Z,) + GL{L,
+ C(RRy — w*(InLy — M?)))]
(10-32)

For small values of Z;, Eq. 10-32 reduces to

Zo = L/[CRr T &L, T CRG;Z)) (10-33)

For Egs. 10-30through 10-33, the following conditions
apply

HC(Li + Lz + 2M) + GC(R\L: + RLi)/(1 + GiZ)] = 1
Zi =L+ Zy+ 22y =R+ R, +jw(L1 + L, + 21”) = Rr +ijT
Y.=juC, Zg= R+ j/ {wlg ~ 1/(wCy))
Rr Kwlr, Lily ~ M (Ly + La + 2M)?
(10-34)°

When G,Z_ is approximately unity, Eqs. 10-30through
10-33 may be simplified to

Zr = Lr/RzC (10-35)
Zr2(Ly+M/{(RCQ +G;Zy)) (10-36)
ZO = L1/[G¢'L1 + C(RT + RlG,‘Z,)] (10—37)

The crystal impedance Z, affects principally the char-
acteristics of the transfer and output impedances, de-
creasing the transfer impedance sharply and increasing
the output impedance off the resonant frequency,
o’ = 1/(L,C). In this application, the value of G, the
input admittance for the active device, must be suffi-
ciently large to make G;R, > 1.Otherwise, the frequen-
cy-selection action will be inadequate. When a transis-
tor capable of meeting other limitations such as the
noise-corner limitation is selected, the effect of the in-
put capacitance of the device normally may be neg-
lected in the design process.

EXAMPLE 10-3. Design a crystal oscillator based
on the circuit of Fig. 10-10 using the SBDT-10X used
in Example 10-2. Determine if load-line corrections are
required, and determine suitable values for the imped-
ances in Eqgs. 10-35 through 10-37. Take the initial
operating point as V,, = —3V and I, = —0.8 mA.

Since less than 0.2 V correction is required on the
load-line position for conversion from common-emitter
to common-base operation, the correction need not be
made. However, the corrected line is plotted as a matter
of interest in Fig. 10-11. Next, orthogonal polynomials
may be used to evaluate both g, and (g’ +g,'), taking
the value of r,,+ and correcting the values read from the
curves. The tuned circuit may be designed to provide
the proper value of Z, and the turns-ratio selected
through the relation

Zi/Zr = (i + m)(1 + GiZ,) /ng (10-38)

10-13
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Fig. 10-10. Crystal Oscillator

where #, is the number of turns in Z,, and #, is the
number in L,. This relation impliesthat the coils L, and
L, are both parts of a single complete coil and the
coefficients by which the numbers of turns are multi-
plied are thereby identical. The tap is obtained by way
of a soldered contact on one of the turns at the appro-
priate position. Solving Eq. 10-38 for the transfer
impedance gives

Zyp =nyZy/{(ny +nx)(1 + G, Z)) (10-39)
Evidently, the higher the crystal impedance, the lower
the transfer impedance for any given value of turns-
ratio, n,/(m, n,). In practice, a value of G;R, in the
neighborhood of unity probably is optimum. Conse-
quently, a crystal having a very small value of series
resistance at resonance is of paramount importance in
this application.

10-14

The use of the load line drawn on the curves for a
Z, of 3750 ohms, gives a forward gain of approximately
86 in the common-emitter configuration. Including
G.R, = 1in the common-base configuration decreases
the common-base amplification to a value of 43. Solv-
ing Eq. 10-39 for m/n, gives a value of 434 (Z,=
42.2;Z,=3750). For stability reasons, a lower load
impedance for the collector circuit may be chosen,
since regenerative instability may develop with such a
high value of Z;. The input admittance is approxi-
mately 31,000 pmhos, and the forward admittance
23,000 pmhos, neglecting the base-spreading resistance.
The calculation of the corrected values is left as an
exercise for the reader. A crystal having a series
impedance less than 30 ohms at resonance is required.

10-5 OTHER CIRCUITS

The variety of circuits that can be analyzed and de-
signed through the combination of conductance tech-
niques and topological procedures is only limited by the
user’s ingenuity. The determination of the input and
output impedances and the transfer impedance for a
given network provides all the data on the feedback
network required for the coordination of the device
with its circuit. As long as a set of input and output
curves are available on a given transistor, the curves
being in a form that permits convenient replotting of
the load lines and the reading of the required coordi-
nates, orthogonal polynomials can be used to convert
the coordinate data into estimated operating condi-
tions, and an approximate set of operating specifica-
tions can be obtained. If full data on small-signal
parameters are available,a better design that delineates
the operating limits closely can be developed.
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CHAPTER 11

R-C OSCILLATORS AND TIME-DELAY OSCILLATORS

11-0 INTRODUCTION

The underlying theory of operation of phase-shift
oscillators and time-delay oscillators is similar to that
of the L-C oscillators just considered. It differs
primarily in some differences in boundary conditions
that are a result of the type of clements used in the
feedback circuits. There are some specific differences
between the R-Cand the T-D oscillators, which also
will be discussed in the paragraph on time-delay cir-
cuits.

11-1 TYPES OF R-C CIRCUITS

There are two basic types of R-Cfeedback circuits,
namely, the phase-inverting, and the nonphase-invert-
ing. The inverting types are used with active configura-
tions that generate a phase-reversal of their own,
whereas the noninverting type are normally used with
more complex circuits in which both current and volt-
age gain are available and the output voltage is in phase
with the input.

The inverting feedback circuits typically make use of
some form of ladder network as shown .in Fig. 11-1.
The Zcomponents in this network Z; usually are all of
one type, for example, all resistorsor all capacitors, and
the Ycomponents Y, are all of the alternate type. With
R-C ladder networks, one type of element provides
energy storage, whereas the other introduces dissipa-
tion of energy. Although any number of sections may
in theory be used in a ladder network, the use of less
than three sections introduces practically impossible
operating conditions for the development of oscilla-
tions in an inverting circuit, and the use of more than
four makes possible the development of more than one
mode of oscillation. Ordinarily the ladder used is a
three-section ladder with either an input or an output
resistive termination.

The noninverting circuits normally are based on
some form of Wien-bridge arrangement such as is
shownin Fig. 11-2. The amplifier used with this circuit
must have both current and voltage gain, and must

have an output voltage in phase with its input. For
these reasons, a minimum of two active devices is re-
quired for the associated amplifiers. Either of the am-
plifier configurations shown in Fig. 11-3 may be used
for the active path with these oscillators, the more
complex one having built-in gain stabilization.

The use of R-C circuits presents difficulties with
transistors as the active devices because of the problem
of their low, but not zero, input impedance. The design
of a transfer network to couple a current source to a
low, but not zero, impedance load is appreciably more
difficult than coupling from a current source to a volt-
age load, as is possible with oscillators using electron
tubes. As with L-Coscillators, the limitation of amplifi-
cation in an R-Coscillator can only occur effectively if
the source impedance from which the transistor is ex-
cited is small compared with the input impedance of

R R R R

Input I I I I Output

TITTT,

Fig, 11-1, Typical Ladder Network

G,

Input
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Fig. 11-3. Typical Amplifiers

the transistor itself. Because even in a common-emitter
configuration the base input admittance may be as
large as 0.001 mho, the relatively high output imped-
ance associated with many R-Cnetworks makes the
design of an oscillatoraround the circuit difficult unless
an emitter-follower is used to match impedances. This
situation applies equally to the inverting and to the
noninverting circuits.

The zero-phase-shift or bridge circuit is designed in
a manner that gives it a maximum amplification over
a narrow range of frequencies, in the middle of which
is the frequency of zero-phase-shift. Typically, the
bridge consists of a combination of dissipation and stor-
age eclements used in conjunction with similar elements
arranged in the dual network configuration as shown
in Fig. 11-4. (The network dual arrangement for a se-
ries R-Cnetwork is a parallel R-Cnetwork, for exam-
ple.) More complex configurations may be used if
desired, and a greater frequency stability may be ob-
tained if the rate-of-change of phase with frequency is
increased. Normally, however, a simple R-C dual con-
figuration such as is shown in Fig. 11-4is used with
zero-phase R-C oscillators.

The amplitude-stabilization of the R-Coscillator in-
troduces a special set of problems to the designer. Be-
cause of the relatively low equivalent Q of the frequen-
cy-selection circuit, bias limiting is not practical with

11-2

these circuits because of the associated distortion, and
some form of thermal bridge limiting is normally
chosen. Both the forward and the feedback gain must
be kept quite uniform over the operating range of the
oscillator, which may be as much as four decades of
frequency.

The operation of the Wien-bridge oscillator closely
parallels that of the Meacham crystal oscillator as far
as phase characteristics are concerned. In one, the am-
plitude and phase are controlled by the RLC properties
of the crystal in conjunction with a fixed series resist-
ance, the second arm of the bridge consisting of a ther-
mal combination for controlling the signal amplitude.
In the Wien-bridge circuit, the series elements on one
half of the bridge consist of the dual R-Ccombinations,
and the elements in the other half of the bridge again
include a thermal element for controlling signal ampli-
tude.

The next two paragraphs of this chapter analyze the
properties of the typical forms of the feedback circuit
for both inverting and noninverting networks, and in-
clude some typical design analyses. They are followed
by a discussion of time-delay oscillators based on the
use of delay lines as the feedback network. A brief
discussion of one- and two-port negative immittances is
also included.

11-2 THE BASIC FEEDBACK
CIRCUIT —INVERTING FORM

The analysis of the basic ladder network (Fig. 11-5)
without source or terminating impedance gives a con-
siderable insight into the frequency-selective behavior
of the phase-shift circuit. The series elements in this
network are identified as impedances, Z; typically, and
the shunt elements as Y, For simplicity, the Zs may

Input

Output

Fig. 114. R-C Selection Circuit
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be replaced by Y;'s for topological solution of the net-
work and then the equation may be converted to in-
clude the series impedances by multiplication of the
numerator and denominator of the appropriate imped-
ance equation by the product of the series impedances.

Transistors, as tubes, are current-output devices, so
that the form of network normally called for in the
feedback path is the trans-impedance form. Several
forms of the ladder network will be discussed in the
next few paragraphs because a considerable amount of
useful information can be gained thereby.

Topological techniques offer a convenient method
for analyzing these coupling networks. A limited range
of variations can then be made in input and output
circuits without necessitating complete re-analysis. In
addition, the process of analysis is simplified because of
the elimination of unnecessary steps in the solution.
The three impedance equations for the simplest config-
uration of three-section ladder network are

ZI = [1 + Z1Y2 + Z1Y4 + Z3Y4 + Z1Ys +- ZaYs

+ ZiYs + Z2.Z:Y,Y + Z:Z:Y.Y e + Z,Z:Y:Y
+ 22\ ZsY Yo + Z3Z5Y Yo + Z1Z:ZsY,Y Y/
Yot Yo+ Yo + Z;Y, Y, + Z:Y, Y5

+ Z5Y2Ys + Z5Y4Ys + Z3Z5Y2Y4Y6] ( 1)
11-

Zpr=1/[Yo + Yi+ Yo + Z;Y, Y4 + Z;Y, Y

+ ZiYo Yo + Z:Y,Ye + ZaZsY2 YY)
(11-2)

Zo = (1 + Z3Ys + ZsYo 4 ZsYy + ZoZsY Y 4/[Y,
+ Yy + Yo+ Z;YoYs + Z:YoYs + ZeY,Y,
+ ZsY\ Yo + Z:ZsY YY)
(11-3)

Input

CI Cl: Cl Output
— 1 T T

C C C
o—
Input R R R Qutput
O~ - —0

Fig. 11-5. Three-section R-C Network—Basic Forms

Examination of the denominator of the transfer term
shows that the values of the powers of (£Y) for the
respective terms are O, 1, and 2 only. An R-Cnetwork
formed from this combination of components, where
cither the Z’s are resistive and the Y’s are capacitive,
or vice versa, cannot in any way develop 180deg phase-
shift and unity gain without having infinite amplifica-
tion. The minimum exponent difference that can yield
180 deg phase shift with a finite amplification is 3.

The denominator function, which represents a lad-
der network, has a frequency polynomial that can be
solved in either of two forms, the one representing
forward transmission, and the second, backward trans-
mission. Essentially, the forward transmission mode is
the impedance mode, with higher output impedance
than input, and the backward transmission with a
lower output impedance than input (higher output ad-
mittance). The denominator for the transfer function in
Eq. 11-2 cannot be solved in useful form for either
mode of transmission, as has already been shown. With
the network modified by the inclusion of the input
admittance ¥, however, the situation is completely
changed, because cither ¥, can be factored out, and a
solvable network established in terms of Z,, Z,, Z,
Y,, ¥,, and ¥, or ¥; may be factored out, and a similar
solvable network established involving Z,, Z, Z,
Y, Y;, and Y. These configurations are considered by
Hooper and Jackets in their paper (Ref. 1).

The numerator of the input impedance function does
have the required ratio of exponents of 3 because the
range of terms is from a numeric, 1,to a cubic product
of Yand Z. The numerator function, however, gener-
ates only zeros of input or transmission, and conse-
quently is of little use in frequency determination.

Consequently, without a shunt source admittance in
parallel with the source current, this network is not
satisfactory for use in R-Coscillators. In fact, it is casy
to verify this by construction of an oscillator that util-
izes the ladder network in this form. No amount of
amplification will make available the required condi-
tions for oscillation, and the oscillator will not function.

The addition of an input shunt admittance (¥; in Fig.
11-6), however, changes the situation appreciably.
There are 34 terms cach in the expressions for the input
and output impedances when ¥ is included, 21 being
in the denominator, and a net of 20 in the transfer
impedance. (The sign of the numerator thus is the nega-
tive of that of the denominator terms.) The equations
are

11-3
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Fig, 11-6. Practical R-C Ladder Network (Forward
Mode)

Zr=04+ (Y, 4+ Y+ Y)Z + (Ys+ Yeo)Z; + YeZs
+ (YoYs + Yo Yo ZiZs + (YoYs + YiYe)Z1Zs
+ Y. YeZ3Zs + Y Y YeZ, 2325 /(Yoll + YoZs
+ YiZ, + Z)+ Yo(Z1 + Z3 + Zs)
+ Y2YuZiZs + Y2 Yo(Z:Zs + Z,Z5)
¥ YiYo(ZiZs + ZoZs) + VoY iViZiZZ]
+ Yo+ Yo+ Yo + YVo¥iZ; + YoYe(Zs + Z)
+ Y.YeZy + Y. Y. YeZ3Zs))
(11-4)

Zr = 1Yo\ + YoZ1 + Yi(Z, + Zy)
+ Ye(Zl + Zs + Zs) + Y.Y.Z:Z,
+ Y2Yo(ZiZs + Z:Zs5) + Y Y(Z:Z5 + Z3Z5)
+ VoY YoZiZsZs) + (Y2 + Yo+ Yo + YaYiZs
+ Yo ¥e(Zs + Z) + YiYeZs + YiYVeZsZs))

(11-5)
The output impedance may be found from the input by
making the following substitutions

Yo—') Yﬁ,
Zs - Zl,

Yg e d Yo,
Zy— Zy

Y, — Y4, Yi— Ye,

(11-6)

This substitution is possible because of the complete-
ness of the symmetry of the topology of the network.

In these equations, if ¥; has the value zero, the ex-
pressions reduce to the previous form. If, however,
Y, is given a value large enough that the second
denominator bracket may be neglected, then the

11-4

denominator of the transfer function is of order 3, and
the possibility of construction of a successful phase-
shift network exists.

The elements of the network, i.e., those in the Z
group, and those in the Ygroup, are normally equal in
immittance within each group, or they may be scaled
in a manner that keeps the ratios of the immittances of
corresponding elements in the Zand Ygroups equal to
the ratios for other corresponding elements. For equal
immittances, that is, for ¥, = ¥, = Y, and Z, =
Zy =Zs, eic., and ¥, as the source element, the
denominator of the transfer function takes the form,
where ¥, = jwCand Z, = R and for a value of ¥
large compared to ¥, and 1/Z,

D = [l + jwbCR — w®BCR? — j3C*RYY, (11-7)

The operating frequency is specified by the 180 deg
phase-shift condition, i.e., when the coefficient of the
imaginary operator is zero and the real component is
negative. This condition occurs when w =
V6/(CR) = w o+ The corresponding value for the real
components is —29, making necessary an amplification
of —29 to offset the network gain of —1/29.

The position of the capacitance and resistance ele-
ments in the basic ladder circuit has little effect on the
operation of the circuit with the exception of a modifi-
cation of the position of the multiplicative constant, the
+/6 above, which must be used with the values of
capacitance and resistance to determine the operating
frequency. The denominator expression given above is
modified to its dual form when the resistor and the
capacitor positions are interchanged, taking the form

D= Y1 + 6/(juCR) = 5/(w*C°RY ;) ¢
- 1/ (jw®C3R)]

The imaginary part of this expression, when equated to
zero and solved gives the radian frequency

Wy = l/(RCW/—G) (11-92\)



AMCP 706-124

For the other circuit, it was

wy = v¥6/(RC) (11-9b)

And the real part again is —29. Thus, the effect of
interchange of the positions of the capacitors and resis-
tors is to shift the position of the factor V&, depending
on whether the network is used as a low- or a high-pass
filter.

If the numerator of the transfer function is imaginary
instead of real (i.e., Y is imaginary instead of real),
then the function of frequency discrimination and am-
plitude loss may be changed in the real and the imagi-
nary parts of the bracket in Eqgs. 11-7 and 11-8. This
can change the /6 to a+/5 in the untapered circuit,
or the factor [K + 2k 31°% to [2k 31% in the
tapered circuit.

When a taper is included in the immittances in such
a way that the scaling on the resistances and capaci-
tances are inverse to each other, then the component
sizes are related by the equation

k= (YY) = (Yu/Ys) = (Zs/Z1)
= (Zs/Zs)

(11-10)

When these relations are substituted into the equation
for the transfer impedance, the denominator takes the
form for ¥, = jwC and Z, = R,

D = Yoll + joll + k(1 + (1/k)) + k(1 + (1/k)
+ (1/ENICR, — w1 + k((1/k) + (1/k%)
+ B((1/K) + (1/k9))ICIRT — jo*CiRY)

(11-11)

The solution of this equation for the real and imaginary
roots gives the above factors. The more important root
cquation is

w? = [k? +2k + 3)/(C}R))

(11-12)
= (B2 + 2k + 3w}

where the value of w, is defined by the equation

80

Fig. 11-7. Effect of Taper k on Network

w? = 1/(CyRy) (11-12a)

Substituting the root equation back into the denomina-
tor gives the forward impedance for the network in the
form

Zp=1/{Y,(1 — 9 — 12k — Tk? - 21%)

= 1/{— Y,(8 + 12k + Tk + 2k%))
(11-13)

Both the required amplification and the operating fre-
quency are consequently a function of 4, for any speci-
fied product G R,. The value of the ratio wy/w,; and the
value of the function [8 * 12k + e + 2K as a
function of k are shown in Fig. 11-7.

The feedback network can take an admittance form
as well as an impedance form, in which case the input
signal must have a low source impedance (Fig. 11-8).
The output from the network may either be taken as the
current flowing through ¥, or it may be taken as the
voltage across Y;.

One limitation applies to the ¥, component of the
network, in that it must include a conductance element
to permit the passage of collector current. Under spe-
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Fig. 11-8. Practical R-C Ladder Network (Reverse
Mode)

cial conditions it is possible to avoid this constraint.
These special cases are not considered here.

In the incorporation of R-Cfeedback networks into
transistor oscillators, the output of a conventional tran-
sistor amplifier is best represented in the form of a
current source. It is therefore desirableto use the trans-
impedance form of a circuit. The output characteristics
of this form of R-Ccircuit are poorly suited to use in
the forward transfer configuration in which ¥; is the
final output element, because the input admittance of
the transistor is high, and the output admittance of the
network is small. The reverse-transfer configuration, in
which Y, Y,, and Y, are ladder elements, however, and
in which ¥ is large, is better suited to the design re-
quirements. The denominators for the two modes of
operation are

Forward

D =Yl + Y. Z, + Y2, + Zy)
+ Yo(Zi+ Z; + Z5) + Y:Y.Z2,Z,
+ YoYo(Z,Zs + Z,Zs) + Y.Ye(2:Zs + Z:75)
+ Y.Y.,YZ,Z,7]
(11-14)

Reverse

D = Yol + Yo(Z, + Zs + Zy) + Yo(Z: + Zy)
+ Y2, + YoYiZiZs + Y Yi(Z:Zs + Z,Z)
+ YoYi(ZiZs + ZaZs) + YoY2YiZ1ZaZs)
(11-15)

The first of these equations applies to either the equiva-
lent transfer impedance or to the transfer admittance if
Y, is large compared to the remaining admittances
Y., Y, 7Y, Y, Y, and ¥ as specified in Egs. 11-4 and
11-5, whereas the second appliesif ¥; islarge compared
to the remaining admittances. For the forward-imped-
ance circuit, the gain is determined in terms of the value
of Z, divided by the bracket function, and for the back-
ward-impedance circuit in terms of the value of Z; and
the corresponding bracket function.

11-6

Emitter-followers may be required with the transis-
tor amplifiersused with these oscillatorsif the network
is used in the forward-admittance configuration (one
provides the source signal for the network), or the for-
ward-impedance configuration (it is used as a repeater
for the output signal). If the network is used in the
backward-impedance mode, correct matching of
impedance levels results, but the limiting of amplitude
of oscillation may be unsatisfactory. Emitter-followers
are not essential if adequate limiting is obtained with-
out them. The transistor is operating in the current-
gain mode with this configuration, however, and as a
result may provide poor waveform. When perfection of
waveform is important, it is essential to use the for-
ward-impedance mode with an emitter-follower to pro-
vide the input signal for the amplifier.

EXAMPLE 11-1. Design 1000 Hz R-Coscillators
using as many as possible of the above configurations
based on a transistor having a forward admittance g of
30,000 pmhos, an input admittance of 150pmbhos, and
a base-spreading resistance of 100 ohms. Assume that
the other parameters of the device may be neglected,
and assume that adequate oscillator limiting will occur
in any configuration. (In other words, make a linea-
rized design; any of the designs described in Chapters
9 and 10 could be studied for nonlinearity problems.)

First the conditions required for the establishmentof
a forward-transfer oscillator for use with a transistor
having a B of 200 may be examined.

The range of voltage gain in the transistor is limited
by the forward conductance of the device multiplied by
the effective load resistance, which is here 1/g;, the
input resistance. The minimum amplification will be
&Z,, and the maximum gf:/g,, = 3. The resistance
required in the frequency-selection network must lie
between %, and 1/G; and at the same time, the mini-
mum permiited value for the expressiongpZ,, is 29, The
following inequality expresses the relation

952y L gpRe = g5/gi = B (11-16)

This simplifies to

29 K g Ry < 200

Evidently, these conditions cannot be met, because the
ratio of the minimum to the maximum number is only
7. An emitter-followeramplifier is therefore required as
a matching section between the output of the transfer
network and the input of the active device.
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If, on the other hand, the backward-transfernctwork
is utilized, then the amplification of the feedback net-
work is controlled by Z;, which nominally may have a
value of approximately 2000 ohms. The values of
Ry, R, and R, would be greater than 5000 ohms, and
the value of Z; would be reduced by loading to give a
loop amplification of 40 to 50, more or less. Selection
of values of R, R,,and R, in the neighborhood of
10,000 or more ohms, and Z; to have a total of 750
ohms, including the transistor input, means that a for-
ward conductance of approximately 40,000 pmhos is
required. The corresponding value of ¥; is 1333
pmhos, which is considerably more than the input ad-
mittance of the transistor, 200 pmhos. Consequently,
a consistent design is obtainable under these condi-
tions. The combined value for ¥; should be as near an
order-of-magnitude larger than G; as possible.

The ladder elements, with resistive components of
10,000 ohms include capacitances of value 0.0065 mF
for the high-pass configuration, and 0.039 mF for the
low-pass configuration for the normal, untapered, net-
work. The effect of network taper may now be consid-
ered.

The maximum value of k that can be permitted is
determined by the current gain available in the active
device. Although it might appear superficially that
there was advantage in using a value of k appreciably
greater than unity with the reverse-transfer network
(Hooper’s current feedback network), the limitations
on the termination impedance Z; offset any apparent
advantages. The feedback loss increases so rapidly that
the use of a value of k in excess of 2.50 is likely to
introduce serious difficulties. A value of k of 0.5 is

convenient for many ordinary applications, because
then the feedback loss is 16, making an amplifier am-
plification of 16 necessary. The corresponding fre-
quency factor isv/ 4.25, or 2.060. This factor is in the
numerator with low-pass networks, in the denominator
with high-pass. In the backward-transfer mode, the
network must have the high-pass configuration, be-
cause the source element Y, is a part of the frequency-
selection network instead of being a driver impedance,
as with the forward-transfer configuration.

11-2.1 MULTISECTION LADDERS

As an example of multisection ladders, a four-section
ladder may be used for the frequency-determining feed-
back path. Such a network, if properly terminated at
either end, will have a single operating frequency, and
since only 45 deg per section phase shift is required, it
will not have any more loss than does a corresponding
three-section tapered filter. The transfer equation for
such a network is

Zr = Z/[1 T102Y + 152072 T 72878 + 2470
+ Zo(4Y + 10Y2Z + 61322 4 Y4Z3)]
(11-17)

where Yand Zare the network immittances, and Z; is
either the input or the termination impedance, as re-
quired.

The simplest method of getting the coefTicients for
the terms of the transfer equations is by the establish-
ment of an addition chain based on the continued-
fraction expansion of the ladder network (for a detailed
discussion see Ref. 2). It takes the form:

TABLE 111
EXPONENT OF (yZ)
Function 0 1 2 3 4 5 6 7 8 9
Y, 1
F, 1 1
Y, 2 1
F, 1 3 1
Y, 3 4 1
Fy 1 6 5 1
Y, 4 10 [ 1
F, 1 10 15 7 1
Ys 5 20 21 8 1
F 1 15 35 28 9 1
Y, 6 35 56 36 10 1
Fe 1 21 70 84 45 11 1
Y, 7 56 126 120 35 12 1
F; 1 28 126 210 165 66 13 1
Y; 8 84 252 330 220 78 14 1 ’
Fy 1 36 210 462 495 286 91 15 1
Yo 9 120 462 792 715 364 105 16 1
Fy 1 45 330 924 128’7 1001 455 120 17 1

11-7
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In Table 11-1, each row is formed from the two rows
above it. To obtain ¥, + , for example, the values of
the coefficients for ¥, and F; are added directly. Simi-
larly, to find the coefficientsfor £ +,, the coefficients
for F; are added to those for Y; +, after ¥; +, has been
multiplied by YZto shift each coefficientone column to
the right. The Fterm is the frequency-determination
term, and the Yterm is the one whose value should be
made negligible for efficient operation. In terms of
these functions, the transfer impedance takes the form:

Zr = Zo/IF; + ZoY ]
or {11-18)
ZT = Z2n/[Fj + ZZan]

where Y, and F are the overall ladder functions. A
factor involving a function of k is also required when
the network is tapered. The network design should be
such that the second term in the bracket in Eq. 11-18
is small compared to the ¥ term.

11-2.2 MODIFIED TWO-SECTION LADDER

There is one other phase-shift type circuit that is
important because of its simplicity and freedom from
loading effects. It is a modification of the two-section
ladder, and it behaves as a three-section ladder with a
low-impedance termination. The basic configuration is
shown in Fig. 11-9. The input admittance in this ar-
rangement consists of a parallel combination of a Yand
a Zelement, and the transfer impedance takes the form

zr = 11y Y1/20 t3vz + ez
+ 2y + y2Z)

= Z/[1 + 6YZ + 5Y?Z* + Y3Z¥ (11-19)

51T 1T

Fig. 11-9. Modified Form of Network

If Z is resistive, the frequency-dependent terms are all
in the denominator, and the resonant frequency is given
by

w =v6/(RC) (11-20)

The transfer resistance is R/29, the signbeing negative.
If, however, Z is capacitive, then the resonant fre-
quency determined by

w=v5/(RC) (11-21)

and the transfer impedance at this frequency is
5R/29, positive, not negative. The operating frequen-
cies are slightly different, and one is zero-phase, the
other 180deg phase. An emitter-follower on the output
of the network is required to minimize the loading
introduced by the amplifier.

11-3 ZERO-PHASE-SHIFT NETWORKS

Networks having a maximum amplitude response at
zero phase-angle may be used in conjunction with am-
plifiers having a phase-shift of cither zero degrees or
360 deg to produce an additional form of R-C oscilla-
tor, of which the Wien-bridge oscillatoris typical. This
oscillatoris somewhat critical in adjustment because of
a relatively slow phase-shift with frequency in the
neighborhood of maximum response. The most com-
monly used form of this network is shown in Fig. 11-
10{A), and an additional form, which sometimes is
useful, is shown in Fig. 11-10(B). There arc a number
of variations of this circuit in use, but their modes of
operation usually reduce to one of the two forms
shown.

These oscillators use amplifiers that have their gain
stabilized closely to a fixed value, typically 3, and use
a thermistor bridge arrangement to provide the small
amount of variation required to develop the loop-gain,
somewhat greater than unity, needed to start the oscil-
lator. A typical bridge circuit is shown in Fig, 11-11.
The thermally-sensitive resistance R changes itsresist-
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amplifier

Differential

Hq. 11-10. Wien-bridge Oscillators

ance in the presence of signal, the change being in such
a direction as to reduce the loop amplification, thereby
stabilizing the operation and giving optimum wave-
form.

The feedback network for the zero-phase oscillator
may be analyzed to give its input, its transfer, and its
output impedances. The ordinary form of the Wien-
bridge network is used as a voltage-transfer configura-
tion, and as a result requires an emitter-follower used
as a repeater. One of the other oscillators described in
this paragraph uses the same frequency-selection cir-
cuit in inverted form to control oscillation, and a third
uses the configuration in a low-impedance circuit for
generation of high-frequency signals.

The three basic equations for use with the Wien-
bridge network of Fig. 11-11 arc

Ta

Fig. 11-11. Typical Transistorized Wien Oscillator

Zr = (V\Ys+ ViV + VoY, + ViV, + V,Y)/
[Y,Y,Y; + V1YY, + Y (Y Y, + Y'Y,
+ Y2¥; + V1Y, + YoV )]

= R, (11-22)
) Zy = Ylyz/[YIYZYa + Y1Y2Y4 + Yo(Y1Y2'
+ Y;Ya + Y:Y; + V1Y, + Y Y))]
= Ro/3 (11-23)

ZO = [Y1Y2 + YO(YI + Yz)]/[nyzY; + Y1Y2Y4
+ YO(YIYZ + Y1Ya + Y2Y3 + Y1Y4
+ Y Y}

L (R+Ry+ 1/(jwC))/3 (11-24)

These equations hold as long as &, €< R.

The principal design problem in connection with an
oscillator of these general characteristicsis getting it to
start reliably &t all frequencies over a range of many
decades, and making certain that the net amplitude of
oscillation is not a function of time or frequency after
the initial build-up. The first condition canbe achieved
if the minimum initial starting amplification (closed-
loop) is between 1.25 and 1.5, since then some gain
margin is available, and the second requires that the
amplification not reach large values compared to unity.
In addition, the variation of the resistance of the ther-
mal device with time must be slow compared to the
minimum oscillation frequency.

A form of oscillator that is excellent for use at dis-
crete frequencies or for use as a variable-frequency os-
cillator at high frequenciesis shown in Fig. 11-12. This
oscillator makes use of current drive and provides an
output voltage for use in exciting the amplifier; The

11-9
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Fig. 11-12. Additional Wien-bridge Oscillator

output impedance for this network is comparatively
high. The equations are

Zr = (Ys+ Y)/[WYs + VoYs + VY, + VY,
+ Y.¥] .
(R + 1/(jwC))/3

ile

(11-25)

Zr = Y3/[Y Y3+ YoYs + YoV + Y, + 1»Y,]
= R/3 (11-26)

Zo = (Y1 + Yy + Y35)/[Y1Ys + VoY + ViY,
+ Y Y, + Y,Yd

L 2R/3 +1/(j3wC) (11-27)

Because the transfer impedance is dependent on the
value of resistance in the frequency-selection circuit,
variation of frequency can only be obtained by change
in capacitance in this form of circuit. A variable capaci-
tor may be used only if its minimum capacitance is
relatively large compared to the input capacitance of
the amplifier. This condition can be met with an emit-
ter-follower input stage using a high-frequency transis-
tor.

The extremely high transadmittance available with
transistors makas possible the use of very small values
of R. The associated amplifier should be designed to
have a transadmittance that is degenerated to a value
slightly greater than 3/R with the resistance selected
for the network, and a small range of adjustment
should be provided to permit the compensation for
small crrors in parts values.

11-10

Two possible circuits for generating a stabilized for-
ward admittance of the required value are shown in
Fig. 11-13. The circuit (A) obtains stabilization
through the comparison of two signal currents in tran-
sistors 1 and 2, whereas the circuit (B) obtains the
stabilizationthrough the comparison of two signal volt-
ages and amplification of the difference in the differ-
ence amplifier. The first of the circuits is somewhat
simpler, but has a smaller stability than the latter be-
cause its efficiency is dependent on the stability of the
forward admittance of the individual transistors. How-
ever, because the stability and reproducibility of the
forward admittance of transistors is rather good as long
as the collector currents in the two transistors arc
equal, the balance may be expectedto be good, possibly
within §%. The relations applying to Fig. 11-13(A) are

Gr = 3[gn/(1 + (ga + g)RgrsRL/
B + (g + 9m)R) + (gso/

(1 + (g2 + gr)R))9nRR1L] (11-28)

When g, R, < g;,R; and g, k>, this reduces to

Gy = 3/R — 34gY/ (g} R) (11-29)

where g R, 2> 10and g —g; = Agp. The transistor
T, is used as an emitter-Glower to make it possible to
take full advantage of the available gain in the balance
amplifiers. Otherwise, the value of R, will not be suffi-
ciently large comparedto R,to make Eq. 11-29applica-
ble.

The second circuit, which makes the comparison at
the input through the use of an input emitter-follower
and balance circuit, applies the difference voltage to the
amplifier, and can consequently make full use of the
amplification available in it. The emitter-followersused
in the input comparison circuit have high inherent sta-
bility at signal frequency, a fraction of a percent or
better.

The larger the undegenerated gain of the amplifier
can be made, the smaller is the variation in overall
amplification. Circuits like those shown can be rede-
signed to provide ¢ multiplication for tuned circuits,
and the effective Qavailable may be adjusted through
the use of gain-adjustment circuits.

Automatic amplitude stabilization may be intro-
duced into cither of these amplifiers to provide self-
limitation. In the first circuit, this is accomplished by
decreasing the feedback voltage, and by placing cither
a negative-coefficient thermistor in the emitter of 7, or
a positive-coefficient device in the emitter of 7;. Either



AMCP 706-124

.I,_anan_
|

Input

L
i

(A) Stabilized Forward Admittance |

T

AMAAA
YYVY

(B) Stabilized Forward Admittance 11

Fig. 11-13. S&ailizd Forward Admittance Circuits

of these will disturb the balance in a manner to readjust
the value of Gy as is required.

Amplitude 'stabilization may be introduced into the
second amplifier in the balancing circuit through the
use of a thermistor in the appropriate coupling circuit.
Because it is possible to operate this balance circuit
with no DC in it, the sensitivity to signal level can be
made considerably greater than is possible in designs in
which the thermal element must pass both signal and
static current. The principal problem in this circuit is
the control of phase-shift, because phase delay is intro-
duced as a result of capacitive loading on the balance
detection terminal. The range of operating frequency of
this circuit is limited by the effect of this phase-shift.

The role of the direct and the feedback paths in an
oscillatormay be interchanged successfully. An oscilla-
tor using a Wien-bridge in such a modification is shown
in Fig. 11-14. The dircct-feedback path in this circuit
is through the voltage divider into the emitter of the
amplifier transistor, whereas the frequency-selection
path, by letting a cancelling component of voltage
reach the base of the amplifier at all but the oscillation
frequency, limits action to the desired frequency range.
This configuration has the advantage that the two parts
of the bridge are normally placed at the point of lowest
impedance in the circuit, and the amplification is not
limited by loading to the extent it might be otherwise.

With all sinusoidal oscillators, whether of energy-

ke,
AAAA
V¥V

LAA L . -_c
L"—_J :i‘R'? %R

Fig. 11-14. Emitter-coupled Oscillator

storage or of phase-shift type, the design procedure is
based on analysis of the feedback network as a trans-
impedance, and then coordination of the driving-point
impedance characteristicsof the network with its trans-
impedance and with the transadmittance of the active
device(s) in the associated circuit. Determination of
limiting conditions is based on the known nonlincar
characteristics of the active devices. If available, the
small-signal data are used for determination of the li-
miting conditions, or they may be approximated by a
technique like the polynomial technique.

11-11
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Fig. 11-15. Negative Admittance

11-4 NEGATIVE IMMITTANCE DEVICES

The special amplifiers described for development of
a fixed magnitude of gain in connection with the R-C
oscillators above are special examples of what may be
called negative immittance amplifiers. These amplifiers
are used to supply the losses in a given circuit, thereby
either increasing its efficiency or possibly increasing the
selectivity of a circuit by providing part of the energy
required by the circuit losses.

Just as there are two types of immittance, namely,
impedance and admittance, there are two types of nega-
tive immittance, on¢ of which is used to neutralize a
shunt conductance in an associated circuit, and the
other to neutralize a series resistance in an associated
circuit. Except for the fact that negative immittance
can only be developed over a narrow range, these two
types would be indistinguishable. Typically, however, a
negative admittance has characteristics similarto those
shown in Fig. 11-15. Outside of a narrow range, the
current flowing through the device increases relatively
uniformly with increasing applied voltage, but within
the critical range, an increase in voltage brings about a
decrease of current. Devices and circuits having this
property also have a shunt dynamic capacitanceassoci-
ated with them.

With negative impedance devices, outside the critical
region the voltage across the device rises as the current
* through it rises, but within the critical range the voltage
decreases with increase of current. These devices have
a dynamic series inductance associated with them.

Negative immittance devices and negative immit-
tance circuits may have either one or two ports (two or
three terminals), the more usual ones having a single
port. Among the exceptions, the Q-multiplier and the
Clapp oscillator circuits are typical of negative admit-
tance configurations having three terminals (Fig. 11-
16). Most of the oscillators considered in Chapter 10
could have been analyzed as negative immittance cir-
cuits. The transfer, or two-port, approach has been

11-12

used in this handbook because it appears to simplify
and clarify the dynamics of the circuits.

11-5 TIME DELAY OSCILLATORS

There is another type of oscillator that is of consider-
able interest, though so far it has been relatively little
used. This form of oscillator uses an artificial delay line
as its frequency-establishingelement. Either the trans-
mitted signal can be used to perform the switching
action, or a reflected signal may be used. The simplest
circuit of this type is shown in Fig. 11-17. It uses a
multivibrator having a normal switching time some-
what longer than that desired from the overall circuit
in conjunction with a delay line having somewhat dis-
persive characteristics. The delay in this line should
increase with increasing frequency. The switching
pulse from the emitter circuit is coupled into the delay
line and used to initiate the reversal of the state of the
multivibrator.

In spite of the bad waveform of this type of oscillator,
its repetition rate is constant because of the relatively
sharp rise in the output of the delay line allowing for
but little variation in the switching instant. As long as
the normal switching rate of the amplifier as a multivi-
brator is somewhat slower than the delay time in the
delay line, operation will be at the minimum rate sup-
portable by the line, and the frequency stability will be
comparable with a good L-C oscillator.

The design of the active circuits for this application
calls first for the design of a multivibrator having the
appropriate repetition rate, and the insertion of a delay
line to provide the required control action.

The delay line may be placed in other positions in the
circuit as well as that shown in Fig. 11-17. It may be
coupled from emitter to emitter; it may be inserted in
any other position that will increase the total delay in
the circuit by a fixed amount; or it may be arranged to

Input
Feedback

Fig. 11-16. Q-multiplication Circuit
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provide a shunt-switchingaction as is generated by the
circuit above. When the delay is placed in series with
the main signal path, it is important that some reduc-
tion of high-frequency response be introduced to pre-
vent the control from shifting from the fundamental
rate to the second or a higher harmonic in a more-or-
lessrandom fashion. Some shunt capacitanceacross the
amplifier load resistance can provide the required delay
(Fig. 11-18).

11-6 SUMMARY

The design of oscillators is the science of the inter-
connection of linear selective networks and nonlinear
networks to cause a conversion of energy from a DC

Vee
—5

Ry Ry
C
—
Delay
line
1

Fig. 11-17. Delay-line Oscillator I

source into a cyclic energy. Each section of the com-
plete network may be analyzed in a fashion that per-
mits interconnection without need for matching adjust-
ments. That is, the design of each section is analyzed
on the basis of the conditions that will apply when the
sections are interconnected. The driving-point imped-
ances, both input and output, are required for the lincar
network to make the design for the nonlinear section,
and the transfer impedance is also required for the
determination of the conditions of unity average loop
amplification. The use of these data with the small-
signal data on the active devices permits the adjustment
of the amplification to the value required for oscillation
to develop, and permits the determination of the condi-
tions required for a given amplitude of oscillation to
develop.

Delay
line

Fig. 11-18. Stabilized Delay-line Oscillator II
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CHAPTER 12

DESIGN OF MIXERS AND CONVERTERS

12-0 INTRODUCTION

Mixers and converters are used to shift the carrier
frequency of a modulated wave without altering its
modulation structure. A properly designed mixer or
converter makes use of an unmodulated sinusoidal sig-
nal to vary the electrical characteristics of a nonlinear
device in such a way that a second modulated signal,
of considerably smaller amplitude, will experience a
time variation of amplification. The modulation is thus
transferred to a new carrier at the sum or the difference
frequency, or one of their multiples. The mixer uses the
nonlinear device solely for the multiplication action
required to achieve the transfer, whereas the converter
uses a single tube or transistor for both the oscillation
and the multiplication functions.

12-1 CONVERSION CONDUCTANCE

The value of conversion conductance or conversion
gain developed by a circuit depends on the characteris-
tics of the associated nonlinear device and also on the
type of circuit with which the device is used. It also
depends to a considerable extent on the manner of
application, inasmuch as the amount of nonlinearity in
the device may either be minimized or enhanced by
fairly small variations in the circuit parameters. The
next few paragraphs explain the determination of the
conversion characteristics of several typical nonlinear
behavior patterns, and following this discussion, some
of the possible methods of taking maximum advantage
of the conversion properties of practical devices are
studied.

The simplest converter relation to analyze math-
ematically is the one in which the conversion conduc-
tance or the conversion gain is a linear function of the
voltage from the reference oscillator. In this case, the
gain relation may be written

K=K, tKz (12-1)

where x = v,/v,,, = sin w,fin the absence of input

signal. The more correct form, including the signal, is

X = sin w,d + i, sin wst (12-2)

where &, is a function of time, and is the ratio of the
amplitude of the desired signal and its accompanying
noise to the amplitude of the reference signal, and
w, and o, are the instantaneous angular frequencies of
the composite signal and the reference voltages, respec-
tively.

If Eq. 12-1 isintegrated to give the output voltage in
terms of the input ratio x, the result is

Vo = Va[Kox + 0.5 KquzQ] (12'3)

Next, the expression for x should be substituted, giving

v = VoKsz T 05K Vilsint ot + 2sin wt (1.4
X k, sin w,t + k2 sin? w,i]

For mixer applications, the only term of importance is
the sine-product term, consequently, the balance may
be discarded

voe = 0.5 KiV2ik.[cos (w, — w)t — cos (o T )]
12-5)
It is more convenient to express the value of X in terms

of the greatest and the smallest values, K, and K, ,than
in terms of the derivative. Then K| ¥, takes the form

K\V,=05(K, —K,) (12-6)

Substituting, and recalling that the input signal voltage
is V A, gives

12-1
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Voo/Vis = 0.25 (K, — K,)[cos (wr — wo)t — (12-7)

c08 (wr + wi)i]

This equation shows that because v, is the amplitude of
the signal voltage, the output will be available at the
radian frequencies (w, — o) and (w, + »). Nor-
mally, all that is required to select the appropriate fre-
quency is to introduce a frequency-selectivecircuit that
develops sufficient impedance at the specified fre-
quency to facilitate the transfer of energy to the follow-
ing circuitry.

Although the development of mixing through linear
variation of amplification (sometimes mis-called lincar
mixing) is probably the simplest way of obtainingmod-
erate efficiency, it is by no means the only possible
method of mixing, nor is it necessarily the best method
of mixing. For example, it is only approximately half
as efficient as the piecewise-linear mixer, which devel-
ops two fixed values of amplification over two ranges
of bias

K=Kn:
K = K,;

% <0

12-8
5> 0 (12-8)

This input relation gives a conversion efficiency of
K, = 0.4244, or a detection efficiency of 0.2122,
rather than the 0.250 or 0.125, respectively, for the
square-law mixer or detector. The value of the conver-
sion amplification can be up to twice the above values
if diode-clamp mixing is used, and it may be up to three
times the listed value if both diode clamping and peak
(rather than average) mixing is produced. Table 12-1
indicates the range of conversion efficiencies that may
be anticipated. Quadratic mixing is normally produced
by transistors and tunnel diodes, and piecewise-lincar
by diodesunder conditionsof relatively large reference-
voltage input.

12-2 TRANSISTOR MIXERS

The basic requirement for mixer action with transis-
tors is principally that the circuit must behave in a
manner that will provide a varying amplification as a
function of reference voltage, but a negligible variation

12-2

as a function of the received signal. First, it is necessary
to determine the conditions under which sufficient
varjation of amplification can be obtained to give effec-
tive mixing action. The amplification equation is

K = —ypRi/[1 + yo(re + R,)

(1 + y.R:) + yoR.] (12-9)

where yy =gy +jwCp,and the terms in yR, and
YR, may be neglected. Eq. 12-9 then reads

= —ypRL/[1 + (g + joCi)(rs + R,)] )
(12-10)

In this equation, three of the parameters are propor-
tional to the emitter current in the transistor, namely,
Yp &, and C;. Consequently, for effective mixing, the
second term of the denominator,

(ger + joCi)(re + R.)

must be less than or at most equal to unity. When
o C;is small compared tog; at the frequencychosen for
use on the mixer or converter transistor, then the prod-
uct gy(r,’ t R, controls whether proper mixing can be
obtained. If, however, the operating frequency is such
that «wC; is greater than gy, then the product
wC(r,r + R;) wll control the operating behavior.

The two equations expressing the limitation on effec-
tive mixing indicate that two conditions must be ful-
filled. The first of these is that the internal or source
resistance of the source of input signal should be small,
and the second is that the base-spreading resistance of
the transistor also should be small. Only under condi-
tions in which both of these factors are sufficiently
small that the product terms are less than or approxi-
mately equal to unity will effective mixing be possible.
These conditions may be stated as

or g (2ry)

=1
or O)C.‘(2Tb') =1

go(re + R:)
) (12-11)

=1
O)C"(Tb' + Rs é 1
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TABLE 12-1
CONVERSION AMPLIFICATION

Type of Mixing Type of Output Conversion Gain
Quadratic :
K = Ko TKp, Average 0.25(K, — K,)
Piecewise linear :
K =K, when » 20 Average 0.42(K, — K,)
K =K, when » <0 Peak 0.5(K, — Kn)

If, then, the maximum value of R, is set equal to7,’ as
indicated by the second equation of each group, the
maximum operating current may be set in terms of the
appropriate inequalities

C;= 1/(2wrye) or gye = 1/(21p0)  (12-12)

These two equations may be solved in terms of the
nomograph, Fig. 12-1. The maximum forward conduc-
tance and the maximum emitter current may be read
directly from the nomograph based on the assumption
that the diffusion capacitance is approximately the to-
tal input capacitance of the transistor.

These nomographs can be used to determine the
maximum forward conductance that can be obtained
efficiently in a transistor circuit. The required reference
signal power for the mixer of Fig. 12-2 can be deter-
mined by reading the total peak-to-peak base voltage
change Av, and the total peak-to-peak emitter current
change 4Ai,. The input power then is

P, = 0.125 Av,Al, = 0.125 Av (At + Az;) (12-13)

This amount of power must be made available to the
emitter lead in the mixer if maximum mixing efficiency
and the best possible noise figure are to result. The
maximum conversion amplification is given by the
equation

K, =025(Y,, — Y;)Rip (12-14)

where R, is the impedance at the output frequency,
and Y, and Y, are the effective values of forward ad-
mittance. In this equation, one of the Y,terms is the
value at maximum current, and the other at minimum.

Which is which depends on the polarity of the transis-
tor.

The amplification of the mixer as a function of the
bias voltage may be expressed in terms of an algebraic
relation for the effect of source impedance

K = k(1 + 2)/(1 + m + maz) (12-15)

where the range for x is from —1to +1, k; = 0.5
8maxRes M = &imaxZ,/2, and 1+ 2m is the maximum
value of the denominator as established in terms of y,,
w, C;, and r,. The conversion amplification is
expressed in terms of this equation, where (X »—K) =
2K is the total change of amplification with a
negligible value of the parameter m. As long as the value
of m is less than (.5, the conversion conductance can be
expressed in terms of the equation

= 02K SB35 + my)
- +imera+m L

(12-16)

K.

This expression reduces to the normal function for
m = 0, and the ratio of the bracket { } expression
divided by (1 m)* can be approximated by the ex-
pression

K, =0.25(1 ¥ 0.6m?)/(1 + m)? (12-16a)

Consequently, the equation shows that the effect of the
denominator term is to reduce the conversion amplifi-
cation.

The mixer transistor may be used as its own oscilla-
tor, but the amount of conversion conductance that can
be obtained under these conditions, as oscillator stabil-

12-3
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Fig, 12-2. Transistor Mixer.

ity is important, is quite small. The reason for this
condition is that good frequency stability requires the
changes in amplification to be small over the operating

12-4

cycle, whereas effective conversion action requires as
large a change as possible. In addition, the larger the
conversion amplification obtained for a given maxi-
mum forward conductance, the higher the overall sig-
nal-to-noise ratio. This condition is typical of mixers,
in that the noise is primarily noise generated in the IF
passband, whereas the magnitude of the converted sig-
nal under linear conversion conditions is proportional
to the total change of forward conductance.

EXAMPLE 12-1. Design a mixer for operation at
5 MHz, using a 2N247 transistor in the configuration
of Fig. 12-2. Take the collector supply voltage as 10V,
the value of r,-as 40 ohms, and the value of R, may be
left to be determined. The a-cutoff frequency for the
2N247 transistor is 30 MHz.

First, the effective input capacitance corresponding
to the a-cutoff frequency may be calculated. Assuming
a maximum current of 1mA, the approximate forward
conductance is 0.04 mho, and the capacitance is
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C; =gs/w =0.04/(2 % 10%)
=2 x 10710 = 200 pF

At a frequency of § MHz, this capacitance has a time
constant with 7, of

Ciry =T % 2x10710%x 40 = 8 nsec

The resulting value of m is 0.120 for a linear mixing
circuit. If the source impedance of the signal circuit is
kept sufficiently small, less than 100 ohms, for exam-
ple, the behavior of the circuit should prove satisfac-
tory.

The effect of g; may also be checked, as a matter of
routine. The product of 7, and gy is given by the equa-
tion

gl = 0.0008 X 40 = 0.032

Consequently, the capacitance component is the one of
importance in the limitation of the conversion amplifi-
cation.

The magnitude of input signal from the reference
oscillator to give full modulation of the transistor may
be calculated. The required power is

P = 0.125 AvyAi, = 0.125 X 0.130 X 0,001
=0.15 mW

This amount of mixer puwer makes available up to
10,000 pmhos of conversion conductance. For a con-
version gain of 30, the load impedance of the converter
load is only a few ohms at the reference frequency.

The balance of the static design can now be com-
pleted. The average base current should produce a col-
lector current of approximately 0.5 mA, and the collec-
tor current then varies from about 0.1 mA to a peak of
1 mA. The approximate value of base current required
is 8 pA,

The input circuit for the signal still must be designed.
The average input conductance is approximately 400
pmhos, and the average input capacitance is approxi-
mately 100 pF. Unless variable capacitance mixing is

desired, it is necessary to minimize the effect of capaci-
tance variation on the tuning of the input circuit. The
nominal reactance level of 100 pF at § MHz is 200
ohms, a value much higher than can be tolerated in the
circuit. It is necessary to reduce this reactance to a
value which when resonated develops an effective
source impedance less than 40 ohms at the base if the
conversion gain is not to be degraded significantly.
Consequently, for a source reactance of 1 ohm at the
base, the Q-factor circuit must not exceed 40 if R, is to
be 40 ohms or less. A parallel capacitance of approxi-
mately 0.02 mF in parallel with the base is required.
Assuming a loaded Qof 40, and a nominal drive imped-
ance for the tuned circuit of 1000 ohms, a capacitance
step-downratio of § is required if the unloaded Qof the
tuned circuit is sufficiently large that the load current
drawn by the base is small compared to the circulating
or reactive current in the tuned circuit.

The fact that the nominal impedance level for the
reference oscillator signal is 130 ohms does not neces-
sarily mean that the source impedance to the emitter
should be this high; Practically, it is desirable to keep
the source impedance sufficiently small that the prod-
uct gy +Z, has a value considerably less than unity, partic-
ularly at signal and output frequencies. Because the av-
erage value of g is 0.02 mho, the value of Z, should be
less than 30 ohms.

12-3 DIODE MIXERS

The diode mixer is used under conditions in whick
transistors cannot be made to function satisfactorily.
The diode has a series resistance component and a
shunt capacitance component across the junction just
as does a transistor, but the shunt capacitance may be
only a hundredth of the diffusion capacitance of the
transistor, and the series impedance may also be
smaller by a factor of from 2 to 10. This combination
of conditions makes the diode at least potentially able
to operate as a mixer to a frequency 100 to 1,000 times
as high as the transistor. The reference oscillator volt-
age required by the diode is from 10 to 20 times that
required of the transistor.

Diode mixing is generated by the use of the diode
under piecewise-linearconditions developedon a large-
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signal basis. In effect, the diode acts as a switch, either
turning the circuit on or turning it off. This switching,
although it takes place in a range of 0.1 or 0.2 V, is not
sufficiently sharp that the characteristics are strictly
piecewise-linear with less than 2 to 3 V of reference
signal voltage.

The conversion amplification for the diode mixer is
limited by the fact that in the forward direction the
amplification is unity, and in the reverse direction, it is
very nearly zero. For this reason, its value is apprecia-
bly less than unity, a maximum of 0.424 for the most
commonly used circuit configurations. In spite of this,
a diode can be convenient because a higher overall
amplification often can be obtained by the use of a
diode under piecewise-lincar conditions and following
it by a transistor amplifier operating at the output fre-
quency.

12-4 DIODE MEASUREMENTS

One of the problems in the use of diode mixers is the
selection of devices capable of giving effective mixer
action. The principal property of a diode that affects
mixer action is its switch-off time. When any semicon-
ductor diode is switched very rapidly from the forward
to the reverse polarity, the diode current has a form
similarto that shown in Fig. 12-3. The current in region
A would not exist except for the timerequired to sweep
out charge carriers.

Diodes may be tested for the effect of the reverse-
conduction loading shown in region A by the use of the
circuit in Fig. 12-4in conjunction with a conventional
Q-meter. When this loading is present, if a diode with
either no bias or reverse bias is coupled across a tuncd
circuit, a significant loss of Q-factor circuit can result.
With a diode having small loss, the Q-reduction is nor-
mally very small.

12-5 DIODE AMPLIFIERS

Diodes can be used successfully as amplifiers if their
characteristics include very small equivalent series re-
sistance and a reasonably large capacitance change as

12-6

a function of reverse bias voltage. Such amplifiers are
known as parametric amplificrs. They take advantage
of the fact that a variable capacitance can affect the
tuning of a circuit. If the capacitance is controlled by
a voltage of relatively high frequency and large ampli-
tude, then the amplification of a low-frequency signal
can be achieved.

The propertics required of diodes for this applica-
tion, aside from those of stable characteristics, are a
large rate of variation of capacitance with injection
voltage, and a relatively large value of positive bias for
the initiation of the conductingregion. In addition, the

Input pulse
I ﬂ

Diode output
I
K t
Storage current

Fig. 12-3. Diode Storage

High High
<
Y >——T—'Ww—g
(_< * . Bias

Low I-|4-|3round

Fig. 124. Diode Test Circuit Using “Q-meter”
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total voltage swing in the reverse direction to the Zener,
or avalanche-breakdown voltage should be large.

Suitable diodes for use in amplifier service may be
found using the tester described in par. 12-4. The
potentiometer varies the back-bias, and makes possible
the measurement of effective capacitance as a function
of the diode current. Diodes having a large capacitance
variation, but introducing only small reductions of cir-
cuit Q-factor are essential for this application.

Either stable amplification or potentially unstable
amplification may be obtained from variable-reactance
diode circuits. If the reference injection frequency o, is
large compared to the signal frequencyw,, two possible
output frequencies normally are obtained from the
variable-reactance amplifier, namely, ®, o, and
w, — w, [tispossible to obtain output at the frequency
w, also if the proper operating configuration is selected.
The limit on the amplification available at the fre-
quency (o, T @) is sufficiently small that it seldom
can be used, and the relatively more unstable operation
at the lower frequency (@, — ) is usually used for
developing a larger amplification.

The equation for amplification in the parametric am-
plifier may be derived ecither in terms of the active
circuit including the parametric diode, or it may be
derived in terms of the complete circuit, including in-
put and output coupling. For the initial discussion, the
simplified equation is the best to use; because the
mutual coupling impedances play no significant part in
the behavior of the circuit. The basic circuit, the cur-
rent and voltage graphs, and the incidence matrices for
the simplified parametric amplifier circuit are shown in
Fig. 12-5. The trees (this derivation is being made topo-
logically) are

Diade capacitor.

Peference
input

Fig. 12-5. Parametric Amplifier

y trees
yYuYes, yYaYe, vYw Y, yYaYis,
Y YL-zYm
Other trees
YuYwYe

From these trees, the transfer admittance and the volt-
age amplification for the network at fundamental fre-
quency may be determined. After multiplication of
both sets of'trees by Z;,Z;,, the voltage gain is

K.=1/[14+ZuYe)(1 + ZnuYe) + ZuYel

(12-17)
When this is simplified by the substitutions
Z =R+ jon, Zi =Ry +ijz
Y1 = ij1, Y2 = ijz (12-18)

and the further simplifications made that

w§ = 1/{Ls(Cy + ), WGy < 1,
and w.R2C2 <1

the voltage gain is, at the angular frequency, o,

vs = v;/ (jwsRy(Cy + C)) " = —jQus (12-19)

In a similar manner, the transfer gain for the reference
frequency may be determined in terms of the trees of
the reference-frequency network. The trees are

yr trees
¥¥uYey, #YuYeo, 9Y¥o, w¥a¥o,
. ¥ YuYao
Other trees
YuYeaYe, YuYisYe

Making the same simplification as before, the equation
for voltage gain takes the form

Ko = (1 + Zu¥o)/[(t + ZuYe)(1 + ZuYa)
+ ZuYel (12-20)

12-7
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As in the previous case, this is the reference voltage
developed across the capacitor C,, which is varied by
the applied voltage. If the two equations for voltage
gain are solved for the output voltage across C, in terms
of the input voltages v, and v+, the sum of the two gives
the total voltage generatingintermixingacross the vari-
able capacitor. To determine the current or the voltage
amplification that may be generated in the circuit,
therefore, it is necessary to determine the ratio of the
signal-frequency voltage generated with the reference-
frequency signal applied, to that with the reference
signal absent. The signal-frequency current may be de-
termined from Eq. 12-19

Cov;/{R,(Cy + Cy)

ic2s
(12-21)

For this equation, the value of C, may be taken to be
constant, or it may be expressed in terms of the con-
stant part of the total capacitance

Cz = Czo + Czlx, + 1

vt/ Vc‘Zr

— 1=z

lIA

z (12-22)

(For a linear variation of capacitance, G, is half the
total change in value.)

The total changein G, is controlled by the magnitude
of reference signal applied to the capacitor. The total
instantancous voltage across it is

v = (Vezr + Vo2o + Vetrs)

—7Q.V;sin w,it + Vi, SID @l

+ (A +Zu¥e) X Vesinwt/[(1 + ZuYe)
(1 4+ ZY ) + ZiYe] (12-23)

Ut

Because G, is the average rate of change, the ratio of
v,/ ¥4, must be used, where the value of ¥, is given by
the equation

Vc2r = Vr(]- + ZLIYC’I)/[(l + ZLIYCI)
(1 + ZLZYCZ) + Zmch] (12-24)
=V,/[1 + Yeo(Z 12 + Z11/{1 + Z11Y c1))]

The mixing action that occurs in the reactance diode
can either produce a voltage or a current modulation.

12-8

Because resonant build-up is required in this circuit to
develop the amplification, voltage injection at the idler
frequency w, — w,isnecessary for correct operation of
the circuit. Consequently, the voltage developed across
the reactance diode at idler frequency should be deter-
mined. In terms of the signal and reference voltages, it
is formed from Eq. 12-24 and the expression

Voaps = Coi Vi sin wit sin w,t/
(jwsRy(Cy + Cg)?) (12-25)
where the constant component of C,, G, has been
discarded in the expansion of [1/(C; T C,))] in power-

series form. This expression may be converted to elimi-
nate the j term in the denominator by performing the
indicated integration of the sine w,¢ into a negative
cosine term; the correct integration coeficient is al-
ready in the denominator. The equation then becomes

Vears = CyyV; cos wgt sin w,t/

(wsR]_(Cl + 02)2> (12-26)
Recognizing that
sin w,f cos w,t = 0.5[sin (w, + W)t
o« Tsin(o, — )i
the voltage introduced into the circuit at idler
frequency becomes

Voars = — CyVy sin (w, — ws)th/
(2(Cy + Cyo) (12-27)
Now, at the idler frequency, w, = (0, — @), the

circuit L, G, is tuned to resonance to maximize the idler
current, which then is

= VchS/RZ == CyyV; sin wrsth/
(2(01 + Cg)Rz)

ic2 rs

(12-28)

This equation may be converted to the idler voltage
across the capacitor by multiplication by 1/»,.C,, giv-
ing
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Voars' = @sQrsCatV; COS wyst/ (2(Cy + Co))
(12-29)
Now, this voltage introduces a signal-frequency

component at the nonlinear capacitor. The resulting
signal voltage is

(Cl + C?)Vc2 = (Czo + 0212)%
= Coo + Calsm wt + (Vio/Vear)

COS Wref)2V eap

Taking the conversion terms only gives

(Cr 4 Co0)Ver = Caa(Vor sin® w,t
+ V.2 sin wt cos w,t
+ V: cos writ/Ve)
= OV, SN wid = Vg

= Cz1QsQrsVi/<2(C1 + C20)2)
(12-30)

The resonant voltage across the capacitor is

Vc2rs” = C%ngQrsvi/<2(C1 + C20)2>

and the gain is

Vch"/Vc2s = C%leQrs/<2(C1 + C20)2>
(12-31)

This is the approximate equation for the amplification
of the parametric diode amplifier.

The proper behavior of this circuit requires that
C, > Cy > G, with the result that the reference
frequency is of necessity large compared to the signal
frequency. Only then will the conditionsassumed in the
derivation prove valid. Based on these conditions, the
amplification is a function of the circuit Qat the signal
frequency and at the idler frequency also, and it de-

pends on the numerical ratio of the different capaci-
tances of the circuit.

EXAMPLE 12-2. Design a parametric amplifier,
assuming it is required to operate at 30 MHz, and that
its idler frequency has been selected as 300 MHz. De-
sign a possible circuit, assuming the static capacitance
of the diode is 3 pF, and its change C,; is 2 pF.

The value of €, may be chosen as 25 pF, giving an
inductance of 1.2 uH for L,. Similarly, the value for
L, is approximately 0.08 wH. Selecting a value of
0, of 200, and 300 for @, gives a potential current
gain of approximately 750. Because the input and out-
put coupling links can be expected to drop the net
values of @, and @,,, to approximately 50 and 100,
respectively, a maximum net gain of about 60 may be
available at 30 MHz. The reference frequency is 330
MHz. The diode series resistance should be less than
R,, a fraction of an ohm.

Noise Figure. The principal advantage of the para-
metric amplifier is its extremely small noise tempera-
ture, less than 100°K over the frequency range from
approximately 10MHz to greater than 2000 MHz. The
parametric diodes currently available can be expected
to function as amplifiers to frequencies of nearly 1000
MHz, and future diodes may be expected to function
effectively to even higher frequencies.

12-6 COMPLETE EQUATIONS FOR
PARAMETRIC AMPLIFIERS

The general equations for the straight-through para-
metric amplifier (Fig. 12-6), including inductive input
and output coupling, can be established topologically
by the technique described by Coates and Mayeda
(Refs. 1, 2). Using the seriesconfiguration, the equation
for amplification may be established in the fashion de-
scribed in Appendix B. A total of 35 trees is required
in the solution, 3 in the transfer terms, and the balance
in the denominator. In terms of admittances, the for-
ward admittance equation reads

12-9
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Y,r = — Y.YLyuyzz?jssyuym[ycﬂ?ju + Y 24 -+ yuyd/
[—yuyzzyaa((yzayazys + yumeL) (?jczyu
+ Yoy + ycay.:) - ymymyzayn(yu + yq))
+ (yllyaayuy21y23y32 - yuyzzyﬂa?jazYaYL
+ yoyaysynY.Y 1 + yuysyuynY.Y 1)
(Yo + Y + Yoy + Wayryayny=Y.Y L
+ yzﬂylzyﬂl?jﬂynyxzyx + YulYelrolYalYx YL)
Wer + y4) + WasyreynyaynY.
+ yuylzymyzzanL) (yd?ju + Yl + ?ja?jA)]‘

(12-32)

This equation may be multiplied through by

Zy11229233Zy222122323,, and then the numerator and
denominator are both divided by the product

Wayer + Yot + yay) A + 2uY)(A + 25Y L)

to give the equation

Yf = _[zzl/(l + ZuY;)][Z:;z/(l + 233YL)]Y.YL/
[222 + ((ya + ?ﬂ)/(yayd + Yays + yc4y4))
—~ K(zuz2s + Z1920) Y. Y1/ (1 + 2uY )

(1 + 25Y 1)) + 22 Y, + 223V 1]
(12-33)

In this equation, it is important to keep the negative
term in the right-hand portion of the denominator rela-
tively small so that the first two terms will control the
amplification characteristics of the circuit. The second
term actually introduces the required negative resist-
ance and increases the amplification of the circuit. The
way this action occurs is now considered.

The conversion of the second term requires transfor-
mation and substitution as follows

Fig. 12-6. Graphs of Simplified Parametric Amplifier

12-10
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Yo = JwCy, Yot = jw(Cso 4+ Cur)
2= 1/ys = Ra+ joLs + 14, 22 = Ry + jwl,
(12-34)

where x = sin w,t and 7, is the damping introduced
from the reference oscillator. Strictly, there is a compo-
nent of frequency w,, the signal frequency, and
o, = (0, — o), the idler frequency, also in X, but
these terms may be neglected because their magnitudes
are small in comparison with the pump frequency
w,. Substituting gives

3+ Yot + Y0/ Yot + Yeaayu + Yeas)
= Ry 4 jwLs + [(1 4 jw(Cio + Cuzx)
By + ra + jaL} (juCa(l + jo(Ca + Cur)
(Bs+ra + JoLy)) + ij4>]
= (R + jwLs) + (1 4 jw(Ce + Cauzx)
(R4 +re+ ]‘*‘L4)>/ <]"-°(Cz + Cao + 041-’15)
(1 + jw(Ce(Cao + Cuz)/(Cs + Cyo + Cuz))
(Rs + 7o + joLo))) (12-35)

Next it is necessary to expand the fraction in terms of
the components that involve only C,, and those involv-
ing C,, x. When this is done, the equation takes the form

Ry + jwLs + (1 4 jwCio(Ry + ra + jwLi))/
[jw(Ce 4 Cio(1 + jwCy X (Rs + ra + jwLy)))]

— jwCax/[j{Cs + Ceo{l + jwCo (Bs + 74

+ jeL)DP = 2 + (Yo« + y4)/
(Yerlfos + Yerlys + Youys) (12-36)

In this equation, the second and third terms cancel at
signal frequency ,, leaving the resonant resistance of
L,, and the value of the last, or conversion, term to be
determined. Neglecting the remaining terms, and tak-
ing

Y, =1, sin wi/v. = f(y)

gives

vs =1 sin wtlRy ~ Cyyx/{jwl(Cy + Cyy)
X (1 + (JwCoCy(Ry + 74 + jwLy)/
(Cy + CyoIN?} (12-37)
where the coupling terms have been neglected. These
terms determine the negative immittance of the circuit.

Multiplying through by sin w# and substituting for x
gives

Vs = I(Ry sin wst — (sin wt sin w,¢/D)) (12-38)

where D is given by the equation

D = [jo({(C: + Cio)(1 + jwCoCu(Ry + ra + jwLs)/
(C: + Cw0))Y] (12-39)

Eq. 12-38may be converted to a new form, remember-
ing that 1/(jw) is indicative of an integration

v = I,(Rs sin wid + Cy cos w,t sin w,t/
[2w,(Cy + Ci0)? (1 + jwCsCio(Fy + 7a
+ jwLg)/(Ce + C10))*)) (12-40)
Because

sin wt cos wgt =0.5[sin(w, — wyt
+8in (w, +w,)tl

Eq. 12-40 may be rewritten as

Vps = U,Cu sin w,,t/[2w,(Cz + 040)2<1 + ijsz

Re Fra FioLd/ € TR,
(12-41)

where the terms involving fundamental signal fre-
quency have been neglected, and only the signal fre-
quency has been inserted in the denominator o terms.
The value of w, which belongs in the inner bracket of
the denominator, is the idler angular frequencyw,,. The

12-11



AMCP 706-124

idler resonance condition may be introduced into the
inner bracket, and it reduces to the form

jwrsczc4o<R4 + Td)/(cz + 040)

giving the value of the idler voltage introduced into the
idler circuit
Vps = = U5Cyy COS w, ot/ (20w, s Ry,

(Cy + Cyp) x CyCyRy) (12-42)

The Qvalues for the signal and the idler circuits may
be introduced into this equation, since they are

Qs = 1/<wsR2(Cz + C40))
(12-43)
QTS = (C2__+ C40)/<wrsCzc40(R4 + 'rd))

Making the substitution gives

VUps = _UsCuQsQrs cos w,-st/2(02 + C,;o) (12-44)

Now, the total signal voltage across the variable capaci-
tor is

v = V.Q, cos wit + V,; oS wpat + Ve Sin w,i
- V,Q;lcos wyt + Cy1Qys COS w, St/
(2(Cy + Cyo] + Vyy, sin wyt

(12-45)

This voltage may be applied to the nonlinear capacitor
to give the resulting mixing components. Because a
charge circulation at the sum and difference frequen-
cies results from the capacitance variations, their exci-
tation magnitudes may be determined in terms of the
equation

(02 + Ciﬂ)vci = (040 + C.ﬂz)v: (12'46)

Taking the nonlinear component gives the equation

{(Co + Cio)ves = Cazre

Solving for v, and substituting for v, gives
12-12

Vg = C4I(Sin w,t + (Vn coS wrst/Vcir»chir/

(C: + Cu)
= C41V¢4r(sin2 wyl + 2Vrs sin wyl COS wrst/Vnir)/
(C: + Cio) (12-47)

The resulting signal-frequency excitation voltage is

Vegs’ = C41VTS sin wst/(02 + C40)

(12-48)
= C41Q5Q,5v;/(2(Cy + Cy)?)

The resonant current resulting from this excitation
voltage is

it = Vogst/Ry = CngsQrs/<2(C2 + C40)2R2)
(12-49)

and the resonant voltage is

vC4S" = CEIQgQrs/<2(02 + C40)2> (12-50)

Finally, the approximate voltage gain is

vc4s"/vc4s = CZIQsQrs/(z(Cz + C40)2>
(12-51)

12-7 TUNNEL DIODE MIXERS

Tunnel diodes can be used as mixers at extremely
high frequencies, and, at least potentially, can be more
efficient than conventional diodes in the application.
They normally function as square-law devices, but they
have an extremely high rate of curvature, and conse-
quently require a relatively small magnitude of refer-
ence voltage. Normally they are biased in the positive-
conductance region near zero bias, and are biased just
sufficiently positive to make certain that the range of
swing for the reference voltage will be from zero volt-
ageto the voltage corresponding to the maximum nega-
tive conductance for the device (Fig. 12-7, point A).

Relatively high conversion efficiency is available for
these devices for two reasons, first because the conduc-
tance slope is higher than with conventional diodes,
and second because of the increased change that results
for a given peak value of conductance from the availa-
bility of both negative and positive values of conduc-
tance within a narrow voltage range.

Tunnel diodes can be used as modulators, and in
functioning as modulators, can amplify an applied sig-
nal. In this application, the signal to be amplified is
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used to shift the static operating point of the diode,
which is biased in the region B in Fig. 12-7. This shift
changes the average negative conductance of the diode,
which is also coupled to a tuned circuit tuned to a
higher frequency than signal requiring amplification.
The result of the shift is a variation of the oscillation
amplitude of the diode oscillator of considerably
greater magnitude than that of the applied signal. Rec-
tification of the resulting carrier produces an amplified
replica of the input signal.

The tunnel diode when used in the modulator mode
will provide some of its own rectification, and may
contribute some instability to the circuit. In addition,
the amplification produced is not necessarily linear be-
cause of the variation of the device properties with bias.
In spite of these features, however, it appears that the
modulator mode is possibly one of the better ways to
use the tunnel diode as an amplifier.

12-8 PRODUCT DETECTORS

Product detectors are of growing importance partly
because they are essential components of phase detec-
tors, and partly because they provide a superior method
of separating signal from noise. Product detectors are
actually special mixers because they detect by compar-
ing the received signal with a sinusoidal signal of speci-
fied frequency. The frequency is equal to that of the
carrier for amplitude modulation, or displaced some-
what from that of the carrier for CW or code signals.

Phase detectors are made from a pair of modulators
or product detectors so connected that one signal is
applied to both channels, whereas the other is applied
in push-pull (Fig. 12-8). The output of the two sections
is so arranged that the net output voltage is a function
of the phasor difference voltages developed in the two
sections. With a phase angle of 90 deg between the two
input signals, the output is zero with a properly bal-
anced circuit, and it increases nearly linearly with
phase angle for difference angles between 90 deg and 45

or 135deg, and then less rapidly with further changes.

These detectors are particularly useful in that they
can recognize the signal independent of its accompany-
ing noise, and can control the operation of additional
circuits with nearly complete independence of the
noise. For example, a phase detector may be used to
maintain a locally generated signal in almost exact
quadrature with respect to the received signal, and an
additional phase detector, having its reference signal
maintained at an angle 90 deg out-of-phase with respect
to the reference used in the main detector may be used
to generate an AVC voltage that is almost completely
immune to noise effects.

Diodes are normally selected for phase detectors,
because balance in the active elements is of prime im-
portance in these circuits. Transistors may be used for
ordinary product detectors, however, because they give
both excellent conversion and amplification when
properly used. The design of product detectors using
transistors follows the same pattern as is used for mix-
ers. The problems encountered in the design of transis-
torized product detectors are greatly simplified com-
pared to those encountered in the design of mixers
because of the fact that often input capacitances and
base-spreading resistance may be neglected in the de-
sign of low-frequency product detectors.

Modulator
static poini

Fig. 12-7. Tunnel Diode Mixer and Modulator
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CHAPTER 13

TRANSISTOR MULTIVIBRATORS

13-0 INTRODUCTION

Multivibrators arc oscillators having cycles in which
instants of active instability are followed by periods of
quicscence. The unstable condition is of the runaway
nature, or is completely unstable in the. mechanical
sense. During the quiescent period, one or more active
devices in the configuration are placed in an inactive
condition through the shifting of the current and volt-
age on a control clement, producing a condition of
essentially zero amplification. An extremely large value
of loop amplification may develop during the unstable
period, causing nearly instantancous switching of the
circuit from one of the quiescent conditions to the
other, or causing switching to a quasi-stable condition
and then back to the quiescent condition.

The transistorized multivibrator is somewhat more
complicated in behavior, and somewhat more com-
plicated to design, than its vacuum-tube counterpart,
primarily because of the effect of the seriesbase-spread-
ing resistance in the base lead of the device. The proce-
dures already developed for design of tube multivibra-
tors fortunately arec applicable with minor
modifications, however (Refs. 1,2). A familiarity with
the basic principles of design discussed in these refer-
ences is assumed in the discussion to follow.

The high input conductance of-the base circuit of
transistors under conduction conditions introduces
curvature into the load lines, and also reduces the avail-
able gain from the transistors to a point where achieve-
ment of satisfactory oscillation conditions can be rela-
tively difficult. For this reason, the use of
emitter-followers as coupling devices is extremely com-
mon with transistor multivibrators, and related switch-
ing circuits.

The amount of saturation current drawn by the base
of the conducting transistor may be as much as 10to
50% of the collector current, because the transistor is
usually switched into a fully saturated condition. Un-
less the base circuit can pass the required current and
the coupling capacitor can provide it momentarily, the
switching of a transistor multivibrator can prove to be
irregular and unreliable. The circuit of Fig. 131, in

which the base bias is obtained directly from the collec-
tor supply, may not switch satisfactorily, particularly if
the supply voltage is large and the load resistors and the
base-bias resistors are large in value. The difficulty usu-
ally can be avoided by dropping the value of the base-
bias resistors and returning them to the collectors of the
alternate transistors, as in the circuit in Fig. 13-2.
When this is done, the series resistance required be-
tween collector and base is sufficiently small that posi-
tive switching can be achieved.

The procedure for design of a multivibrator is first
to make designs that assure stable operation of the
transistors in the two quiescent states, and then to
make the design capable of active transition. It is at
least possible in theory to make two static designs and
then find that the transition cannot occur either spon-
tancously or under excitation. This being the case, a
rather careful check of the active conditionsduring the
switching cycle is required. Regenerative switching
cannot commence unless the loop amplification of the
circuit exceeds unity by a considerable margin for a
period sufficient to give an average amplification of
unity over the complete period.

Nominally, regencrative switching in the circuit un-
der discussion starts at unity loop amplification, but it
is necessary to maintain such a value of amplification

VC C
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Fig. 13-1. Transistor Multivibrator
13-
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Fig. 13-2. Modified Transistor Multivibrator

or more throughout the balance of the switching cycle
if the regeneration is to continue. The loading of the
conducting transistor on the partially-conducting one
can be sufficiently heavy to limit the loop amplification
to a value that is either about unity or even less than
unity, with the result that the amplification available in
the transistors must build up more rapidly than with
tube circuits if reliable switching is to result.

The achievement of a satisfactory cutoff operating
conditionis comparatively simple unless reverse-break-
down can develop at low voltage in the base circuit of
the transistor. (This can happen with diffused-base
transistors.) The cross-coupling capacitor, which helps
to provide the cutoff bias, has but little load on it as a
result of the input conductance of the nonconducting
transistor, so that cutoff decay is quite slow in occur-
ring, and the change of base voltage required for cutofT,
less than approximately 0.150 V with respect to the
emitter for small-signal transistors, is easily obtained.

The first step in design of the circuit to satisfy satura-
tion conditions is to determine the minimum base cur-
rent that can produce relatively heavy collector satura-
tion. The average base current value initially may be
selected to be half to three-fourths of this current. This
initial value may require some readjustment when the
effect of loading in the driven amplifier is considered.
Fortunately, the amplifier driven by the saturated stage
is biased to nonconducting conditions, and its input
conductance is the leakage conductance of the base-to-
emitter diode. For small-signal transistors, this conduc-
tance usually is less than 0.001 mho (over 1000 ohms).
The load contours may take a form similar to that
sketched in Fig. 13-3. Both a typical resistive load line
and a possible form for the actual contour, somewhat
exaggerated, are shownin this figure. The final average
base current should be selected to be half of the average

13-2

current flow along the high-impedance section of the
load line between saturation and the turning point, and
the base-bias circuit should be designed to provide the
required base current.

The load line for collector currents less than the
turning-point value of necessity must be nearly parallel
to the contour of constant voltage, because the total
load reflected from the saturated transistor to the out-
put circuit of its companion is little greater than the
value of the base-spreading resistances for the devices.
As a first approximation, it may be assumed that the
saturation-load condition develops primarily below the
nominal value of current at the Q-point, and the slope
of the contour shifts quickly to be parallel with the
reference load line for higher currents. For this reason,
the contour may be approximatedinitially by two lines,
one of sloper,,through the point ¥ ,0, and the second
parallel to the reference load line through the selected
collector saturation current and voltage. This approxi-
mate combination contour may be transferred to the
input family, and the approximate small-signal data
tabulated to permit the correction of the contour posi-
tion.

The position of the critical turning points for the load
contour is defined in terms of the product of the input
conductance and load resistance. For this reason, it is
important to note on both the input and the output
contours the points at which the product gR; takes
value such as 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10, etc. These
values determine the correction of the slope of the con-
tour in terms of the equation

Rip = R./(1 4+ g.R1) (13-1)

In this equation, the g, is the input conductance for the
transistor whose input isin parallel with R, namely the
coupled transistor.

Corresponding points in the operation of the pair of
transistors may be located on the contour curves be-
cause the input curves may be identified with one tran-
sistor, and the output curves with the other. It is neces-
sary to use the saturation conditions as the starting
point because this condition behaves as the equalizing
condition. The saturation conditions on the input
curves correspond to a nonconducting condition on the
coupled transistor, and may be identified with the zero-
current section of the output curves. Similarly, the low-
current region on the input curves corresponds to the
saturation conditions on the output curves.

If a detailed analysis, including capacitive effects, is
made of the operating cycle of the transistor multivi-
brator, it turns out that their behavior is more complex
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Fig. 13-3. Load Contour Path for Multivibrator

than appears to be the case from the previous discus-
sion. The base current on the saturated transistor starts
to decay along a modified exponential as soon as the
associated transistor has been switched to the off-con-
dition. The rise of the input resistance of the conduct-
ing transistor, along with the sharp rise in collector
voltage on the companion transistor, initially mini-
mizes the decrease of base voltage, and maintains the
conducting transistor in the “on” condition. After a
short period, however, the collector voltage rise termi-
nates, permitting a shift of the operating point of the
conducting transistor toward nonconduction. When
the weakly-conducting transistor draws sufficient cur-
rent to make the loop-gain of the circuit unity, switch-
ing starts, and the slope of the load line begins to
change as described previously.

The curved load contours for switching in the two
directions may not be identical because the entire ac-
tion is modified by the action of the circuit capacitances
and the internal variable capacitances of the devices as
well. In addition, the switching to conduction on the
input of the transistor is relatively more gradual with
transistors than with tubes, particularly when com-
pared to the width of the active amplification range for
the device under comparatively low-currentconditions.
With transistors, the base voltage change required to
shift operation from cutoff to the static operating point
may be as small as 40 to 100 mYV, and the range to carry
the device into full saturation may be an additional 30
to 60 mV, whereas with a tube, the bias change over the
active control area, with negligible grid current, may be
several volts, and the additional saturation voltage may
be a volt. The narrower range of active region with

transistors is a consequence of the twenty-times higher
transfer efficiency available.

Because of the continuous drain of base current in
the conductingtransistor, the equationsfor the calcula-
tion of the switching period for a transistor multivibra-
tor differ appreciably from the equations developed for
tube-type circuits. Examination of a typical set of input
characteristics for a transistor shows, however, that as
the operating point leaves the saturation region, the
base-to-emitter voltage changes very slowly at first and
the input load contour is often nearly horizontal during
the corresponding period. The significant break in the
slope of the load line occurs simultaneously on the two
sets of curves.

Because the total changein the base voltage over the
active part of the cycle of one of the transistors is only

100 to 200 mV, and the total voltage change in the
collectorcircuit may be as much as 10V, a considerable
change of the collector voltage from the saturation
value may occur before the transistor coupled to it can
experience sufficient bias change to start it into the
conduction region and bring about active switching.
The typical waveforms to be expected in the conven-
tional circuit are shown in Fig. 13-4.

EXAMPLE 13-1. Design a multivibrator using
the type 5001 (Hughes) transistor, and assume a supply
voltage of 7 V. Use a static load resistance of 1400
ohms, draw the correspondingload line, and try differ-
ent static points as the basis for the design.

Fig. 13-5showsthe reference load line for this exam-
ple. Base current values of 20, and 40 uA may be
selected for the static design values, and the operating
characteristics expected from each may be determined.
The approximate base-spreading resistance for this

13-3
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Fig. 13-4. Multivibrator Waveforms (Typical)

transistor is 270 ohms. Paralleling the value of r, with
the value of R;, 270 ohms with 1400 ohms, gives 225
ohms. The effective load resistance therefore varies be-
tween 225 and 1400 ohms. The load line corresponding
to 225 ohms is also plotted through Ve, O on the
figure.

The next step in design is the determination of the
correct base-current value. The switching cycle may
initially be assumed to be symmetrical, so that the base
current for each transistor of the multivibrator is
turned on for half the time. Evidently, the average base
current during the conduction period for either transis-
tor must be twice the overall average value, giving the
active base currents for the two conditionsas 40 and 80
RA.

The voltage on the base of the transistor during con-
duction (i e, =40A) is 172 mV, and for zero base
current, 110 or less mV. This means that the change
required for a base-current change of 40 pA is 62 mV.
Further examination shows that 90 mV change is re-
quired with a current change of 80 pA.

Because of the short conduction time of a multivibra-
tor compared to its period, active switching occurs at
very small values of current in the initially-extin-
guished transistor. This also is the region of small for-
ward conductance. With a large value of base-bias re-
sistance, therefore, the capacitor that couples the
collector of the nonconducting transistor to the base of
the conducting transistor will quickly develop full sup-
ply voltage across itsclf because of the high base con-
ductance in the conducting transistor. Consequently,
the base voltage will drop rapidly and turn this transis-
tor off unless the base biasing resistance is sufficiently

13-4

small that an appreciable part of the required base
current may flow through it. The time constant of this
circuit depends on both the circuit capacitance and its
resistances, and also on the base resistance of the tran-
sistor

CARL+ Be/(1 + G:Ry)) = T (13-2)

where R, is the static load resistance, R, is the base
biasing resistance, and G, is the effective input conduc-
tance for the transistor as given in Chapter 4. In this
cquation, the value for R, is in the neighborhood of or
less than 1000 ohms, and the typical value of G;in the
active region is as large as 0.002mho or possibly larger.
The result is to place a minimum value on the coupling
capacitors below which the circuit does not function.

Suran has shown that the maximum operating fre-
quency of amultivibrator is approximately equal to the
noise-comer frequency (Ref. 3).

fuz = fmn = fu/ VB + 1 (13-3)

Using this frequency with the preceding equation and
an approximate value of 1/ G; of 1000 ohms, the mini-
mum value of the coupling capacitance C, that can be
used with the circuitis 150 pF. In practice, the value
used shouldbe at least 10times this value unless special
circuits are used.

Eq. 13-2 shows that the rate of decay of the charge
in the coupling capacitance is a function of the load
resistance in series with the collector to which the
capacitor is coupled. Normally, the value of R, is suffi-
ciently large that it has little effect on the value of the
expression R,(1 + G.R,), and consequently its value
should be selected based on the switching characteris-
tics rather than on frequency -response characteristics.

Selection of the static operating point for the base
circuit at a high value of base current rather than low
is better for the following reasons:

1. Reduced sensitivity to device characteristicsat
high base current, particularly with saturation

2. Ineffective clamping at high conduction unless
the average current is high

3. Reduced total device dissipations with satura-
tion

4. Possibly somewhat faster switching.

The variation of current gain from device to device is
less significant with multivibrators when the transistor
is biased near the saturation region than when it is not,
although even then the behavior is by no means in-
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' Fig. 13-5, Design of Multivibrator for Example 13-1

dependent of current gain. This reduced sensitivity is a
result of the increased clamping under full conduction,
since at saturation the base current increases sharply
and thereby defines an endpointmore sharply. A sharp
discontinuity in characteristics is required to produce
accurate clamping. The reduced dissipation is a result
of the lower voltage applied from collector to emitter
in the saturation (negligible dissipation occurs when
the deviceis cut off) and it is also a result of more rapid
switching from the one state to the other. The more

rapid switching is a result of increased loop amplifica-
tion.

The fact that the transistor saturates sharply and
then drifts out of the saturation condition means that
the peak current flow will be appreciably greater than
that which would be noted from finding where the
base-current contour for twice the static base current
approaches the saturation line. Averaging of the base
currentalong the driftcontour may be accomplished by
the use of any of the averagingformulas, the Legendre
or orthogonal method, the Fourier method, or any
other convenientmethod. Although between switching
episodes, there will be some curvature to the contour

13-5
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of current plotted as a function of time, it is compara-
tively small.

13-1 LOOP AMPLIFICATION

So far, no consideration has been given to the fact
that the average loop gain of the multivibrator must
equal unity over the operating cycle, as is necessary
with any oscillator. During the switching period, the
amplification of the circuit may reach values as high as
several hundred or possibly even several thousand. The
fact that the minimum amplification cannot be less
than zero indicates that the conduction time during
which the loop amplificationis very high must of neces-
sity be only a small fraction of the repetition period of
the oscillator. This condition can be altered by capaci-
tances in the transistors and in the circuit, because on
an instant-by-instant basis the capacitancesdo decrease
the effective amplification and at the same time alter
the duration of the switching period. If the amplifica-
tion is-computed on an instant-by-instant basis, includ-
ing the effects of both circuit and device capacitances,
the switching time will be found to depend on the
integrated amplification, and the times of completion of
the switching function also will be found to be correct.

Much more rapid decay of charge occurs in the cou-
pling capacitor connected to the base of the conducting
transistor than in the one connected to its collector.
This means that the collector voltage nearly reachesthe
supply voltage, after which the second transistor begins
to switch on and the final rapid decrease occurs. This
is quite differentthan is the situation with tube multivi-
brators, because the discharge of the coupling capacitor
connected to the grid of the conducting tube leaves it
in a state of full conduction, and negligible change of
plate voltage occurs until conduction commences in the
nonconducting tube.

13-2 OTHER USABLE
CONFIGURATIONS

The symmetrical multivibrator configuration just
discussed is the basic configuration, and in one of its
many modifications is possibly the most commonly
used. Its waveform deficiency often makes the use of a
different configuration desirable, namely, one which
gives a more accurately formed square wave. One such
configuration is the emitter-coupled multivibrator.
This circuit in its tube arrangement is also the simplest
one, giving a reasonably accurate square-wave output.

13-6

Typical circuits for the tube and the transistor versions
of this circuit are shown in Fig. 13-6.

The operating cycle of this circuit is somewhatdiffer-
ent than that for the conventional symmetrical circuit,
because in one state, the output transistor is operating
at its static point, and in the other, its current is cut off.
The input transistor either draws a decaying collector
current, or is cut off, as shown in Fig. 13-7.

The duration times for each half of the cycle of this
multivibrator are not necessarily equal. If the design is
arranged so that the bias resistances of the circuits can
be adjusted, however, the dwell-times can be made ap-
proximately equal for either polarity of the wave. Be-
cause the output transistor either is operating under
static conditions, with a constant basc current, or it is
turned off, the waveform is very nearly square in shape.

The bias point for the output transistor should be
placed reasonably near the saturation region, but need
not be at full saturation. The bias point for the input
transistor must be sufficiently high to yield a loop gain
for the circuit having a peak value large compared to
unity. If these conditions are fulfilled, and the coupling
capacitor is sufficiently large to permit the oscillations
to develop, then normal multivibrator action can be
achieved.

The emitter-follower action on the input transistor
helps to reduce the input-conductance loading on the
coupling circuit, making it possible to have an appre-
ciable value of R, without having it swamped out by
the input conductance. Consequently, the frequency
can be controlled by the base-bias resistance to a much
greater extent than is possible with the ordinary transis-
tor multivibrator. Also the charge and decay of the
capacitor is considerably less dependent on the input
conductance of the transistor. The input resistance for
the emitter-followermay appear to be as large as 50,000
or 100,000 ohms or more, making possible the use of
a 10,000- to 20,000-ohm bias resistance. During the
part of the cycle that the emitter-follower is conducting
fully, the amplifier coupled to it is turned completely
off, and the full multiplication of input impedance is
available at the base of the follower. Consequently, the
behavior of this circuit is almostidentical with that of
the corresponding tube multivibrator.

EXAMPLE13-2, Design an emitter-coupled mul-
tivibrator using a 2N592 transistor. Determine a possi-
ble set of operating conditions, and select a set of com-
ponent values that will assure multivibrator action. In
addition, estimate the multivibrator period when the
coupling capacitor has a capacitance of 0.02 mF.

If 15V is taken as the supply voltage, 3000 ohms the
load for the output stage, and a protective resistance of
2000 ohms is used in the collector circuit of the input
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Fig. 13-6. Emitter-coupled Multivibrator

transistor, the load contours shown in Fig., 13-8 result.
The input transistor requires a load resistor to limit its
dissipation, but this load resistor must be smaller than
that for the output transistor because the current flow
in the input transistor must be greater than that in the
output to obtain proper switching action.

If the active base current for the output transistor is
taken as 125 pA, the corresponding emitter-current
flow is approximately 4.4 mA. If, now, an initial static
emitter voltage is taken to be 0.5 V with respect to the
emitter-return, the required emitter-return resistance is
110 ohms. The base of transistor 7, must be bypassed
to ground (emitter-return) if effective switching is to
result. The base voltage required is 175 mV greater
than the emitter voltage, or 675 mV. To reduce the
current in 7, to zero, the base-to-emitter voltage must
be reduced to less than 456 mV, or the minimum emitter
current during the conduction period for the input
transistor 7; must be at least 25% greater than the
static conduction current in the emitter of 7;. The time
required for the emitter current to decay from its maxi-
mum value to the value that initiates conduction in
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Fig. 13-7. Typical Emitter-coupled Waveforms

T, is approximately half the overall switchingperiod of
the circuit.

The calculation of the two quiescent periods for the
two states of the multivibrator is relatively conven-
tional. During the period for which T; is nonconduct-
ing, the discharge of C, through R, and R,; controls
the inactive period. The total voltage change at the base
of T; is essentially equal to the voltage change across
R, in scries with 7;. As a result of the conduction in
T, prior to switching, the voltage across Cis equal to
the voltage difference Ve —Vp,, where ¥y, is the volt-
age on the base of 7 just prior to the initiation of
switching. This voltage must be just large enough to
block off conduction in 7;. It is determined by first
sctting the emitter voltage so that 7; is extinguished,
and then finding first the emitter current for 7; re-
quired to develop the voltage and second the base-to-
emitter voltage for 7; to make the current flow possi-
ble. The total voltage ¥j. is the sum of the resulting
base-to-emitter voltage and emitter return voltage. Be-
cause the base-bias resistor is returned to the collector
supply rather than emitter, the total voltage applied to
C. is the difference of that across R, and that across
R,. This voltage must decay to the value required to
initiate conductionin 7. The decay period is a function
of the equation

t =(R, +Rb1)Cc In [(Vcc - Vd)/
(Ve — Vo TV

(134)

where ¥, is the voltage from the base of 7] to emitter
return for initiation of conduction of 7;, ¥V is the volt-
age across 7, for full conduction through it, and ¥,
again is the base voltage at extinction for 7. Because
the nominal value of Ry is

13-7



AMCP 706-124

15/0.000125 = 120,000 ohms
if input loading can be neglected, the time constant is
approximately

t = 120,000X 10~%In [(15 — 0.6)/(15 T 11 — 0.6)]
=2.4% 101 1i.7)

This is approximately 1.2 msec. (Note that the 0.6 V
has been neglected in this calculation.)

The passive conduction period for 7, is shorter than
for 7, as the input conductance of the transistor 7,
introduces considerable loading into the circuit. The
switching time is approximately 20% of the value men-
tioned.

The extremely small amount of voltage change re-
quired from base to emitter on a transistor, coupled
with the overall circuit characteristics of the emitter-
follower, may make desirable the use of some addi-
tional series resistance in either the base or the emitter
circuits of the transistors. An increase in the value of
the emitter resistance R, from 110 to 500 ohms is an
effective way of increasing the range of voltage change,
because the amplification of the circuit is still available,
and the range of voltage that can be tolerated by the
emitter-follower is greatly increased. With a 100-ohm
emitter resistor and 1900 ohms protective load for
T,, the total change that can be developed in the emitter
of the follower is 0.75 V, whereas with 500 ohms and

protective load of 1500 ohms, the maximum change is
375 V.
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Fig. 13-8. Input Load Line for Example 13-2
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The load contour for the output transistor during its
deactivation cycle follows the general pattern shown in
Fig. 13-9. The collector voltage rises until the emitter-
follower saturates, at which time the collector voltage
remains approximately fixed, and the collector current,
except for capacitor charging-current, drops to zero.
The initiation of reversal cannot occur until the voltage
across the capacitor approximately equals that between
the collector supply terminal and the saturation voltage
required on the base of 7|. Voltage decay at the base
terminal then permits the emitter of the follower to
drift downward in accordance with the discharge rate
until the trigger level is again reached, this time in
reverse direction. The total approximate discharge time
constant is determined in terms of the rates, where
5§ =l/Tand 5, = 1/T,

81ICc(Ry + Ru/(1 + G.Rw))
= lec(RL + l/Ga)

“for GRn > 1

8Cc(Rr + Ru/(1 + G:Ru))
= 5Cc(RL + Ru)

(13-5)

¥

where G, is the input conductance of the emitter-fol-
lower. The first time constant is small compared to the
second, because G; limits the resistance component
when it is large. The dwell times depend on the ratio
of the nominal voltage change Av, to the actual switch-
ing change Av, or A, as required. If either of the Eqs.
13-5are written as s; R, C, or 5,R, G, then the times may
be determined in terms of the equation

T: = R:.(;In (Avo/Avy) 1=1,2 (13-6)

Since, however, the value of R; may vary with the bias
value, strictly a step-by-step determination of Tis re-
quired. As a first approximation, the formula used with
tube multivibrators may be used.

Because the total current through the output transis-
tor is 4.4 mA, and the emitter resistance is 500 ohms,
the total base voltage on the transistor is 2.20 + 0.17
= 237 V. The bias resistance for the output transistor
then is 12.6/0.000125 = 100,000 ohms. For the input
transistor, the static operating conditions may be set so
that both transistors will draw approximately the same
current if the coupling capacitor is removed: then the
actual quiescent position may be altered somewhat to
improve the equality of the two halves of the cycle.
Taking both base currents equal to 110uA, the emitter

current for 7 is about 4.2 mA, that for 73, 3.9 mA, for
a total of 8.1 mA, or a total emitter voltage of 4.05 V.
This is satisfactory because 110 WA through the
100,000-ohm resistors leaves the required 4.0 V availa-
ble for the bases of 7; and 7,. The correct current is
approximately 108.5 A, and the emitter and base volt-
ages are 4.0 and 4.17 V, respectively.

The bypass capacitor on the base of 7, must be suffi-
ciently large so that the base voltage does not change
appreciably compared to the base bias range, which is
about 100mY. A 10-mV change during the quiescent
period isthe maximum that can be tolerated. If a repeti-
tion rate of 500 Hz is required, for example, the size of
bypass capacitance may be determined in terms of the
equation

CV =4T (13-7)

where the half-cycle time Tis 0.001 sec, and / is half
the average change in static current between the two
quiescent periods. Solving for C gives

C = 100:T

where iis in amperesand Tin seconds. For this exam-
ple, the value of /is half of 125 nA, and the capacitance
is between 6 and 10 mF.

The approximate amplification of the combination of
the two transistors may be obtained by the use of the
equation for the cathode-coupled amplifier as derived
in Ref. 1, Chapter 6. It is

K = gngnRRi/[1 + (gn + 9r)R.] (13-8)

This amplification may be as large as 93 for the circuit
under consideration, because the values of 8 and 8,
are about 0.075 mho, and the net R, for R, tR; =
3000 ohms is 2500 ohms. This condition occurs when
the denominator is approximately 2g¢R,.

If the input conductance of the input transistor is
calculatedon the basis of g; = 0.001 mho asan average
value, the effective value is about 38 pmhos, considera-
bly more than the 10pmhos selected for the bias resis-
tor in the preceding analysis. This means that the cir-
cuit must be redesigned to accept a bias resistance of at
most 10,000 ohms. This may be done in either of two
ways, by dividing the bias resistance into a 10,000-ohm
and a 90,000-ohm section, and placing a large bypass
capacitor at the tap, the 10,000-ohm section being con-
nected to the base, or by dividing the supply voltage to
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provide approximately 6 V, bypassing the tap, and re-
turning a base-bias resistance of about 10,000 to 20,000
ohms to the tap. The size of the bypass capacitor again

should be chosen to keep the change to approximately
10 mV.

13-3 OTHER ARRANGEMENTS

Probably the most useful modification that can be
made in a transistorized multivibrator is the introduc-
tion of emitter-followers coupled to the collectors of
cach of the amplifiers (Fig. 13-10). This arrangement
makes the signal voltage available at low impedance
instead of relatively higher impedance, and can in-
crease the signal-output voltage available. These fol-
lowers may be coupled directly to the collectors as in

Fig. 13-10, or they may be used as coupling elements
between the coupling capacitors and the base leads of
the amplifier transistorsas in Fig. 13- 11. This modifica-
tion makes possible the use of better operating condi-
tions, since the R-C coupling network now has a con-
siderably higher load impedance than otherwise. The
result is a simplified design for low-frequency multivi-
brators. It has the disadvantage of requiring an addi-
tional voltage supply for the returns from the emitter
resistors for the followers. It is a better configuration,
however, because it makes possible the use of the base-
bias resistors as the resistance component of the fre-
quency-determining network.

The general procedure of design that has been de-
scribed can be adapted to most forms of multivibrators,
and the calculation of switching rate may be made by
the method described in Conductance Design of Active
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Fig. 13-9. Output Contour

1310



AMCP 706-124

Circuits (Ref. 1). The only change required is the sub-
stitution of the correct amplification equations. The
calculation of the maximum repetition frequency may

Vee
9 —q o

~
L

Fig. 13-10. Emitter-follower-coupled
Multivibrator-collector Type

be made directly by the use of the cquation for the
noise-corner frequency as has been described by Suran
and Reibert (Ref. 3).
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Fig. 13-11. Emitter-follower-coupled
Multivibrstor-base Type II
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CHAPTER 14

SWITCHING AND SAMPLING CIRCUITS

14-0 INTRODUCTION

Many switching circuits use multivibrators with re-
sistive return paths in parallel with the collector-to-
base coupling capacitors. The presence of these DC
paths makes possible the locking of the circuit in either
of its static states. The discussion in this chapter starts
with consideration of the method of modifying an ordi-
nary multivibrator to produce a unit that requires a
trigger pulse to switch it, the so-called univibrator, or
single-shot multivibrator. This discussion is followed
by a study of bi-stable, or flip-flop circuits. Several
different forms of each of these circuits are considered,
and the means of controlling and triggering them also
are examined. A number of examples of the basic meth-
ods of use of the various configurations are included,
among which is the control of a diode matrix by count-
ing circuits. The design of such diode matrices is dis-
cussed briefly, and their use in the control of sampling
circuits described. In addition, par. 14-10 includes a
brief explanation of a method of construction of bi-
directional counting circuits, and explains how they
may be made into bi-directional decade counters. The
chapter concludes with a brief discussion of tunnel-
diode switching circuits and a brief resume of the gen-
eral contents of the handbook.

14-1 UNIVIBRATORS

of one of the transistors by an amount sufficient to
reduce the overall loop gain to a value less than unity.

A typical circuit for a symmetrical univibrator is
shown in Fig. 14-1. The transistor 7; is blocked in the
nonconducting condition by the action of the divider.
The pulse shapes shown at the various points in the
circuit indicate the relative magnitudes of the voltages.
The pulse shapes assume positive direction for the col-
lector voltage with respect to the emitter so that an
increase in conduction may be indicated by an upward
shift in base voltage. The triggering pulse may be intro-
duced cither on the nonconductingtransistor, in which
case the pulse tends to turn it on, or it may be intro-
duced on the conducting transistor, in which case the
pulse tends to turn it off.

The value of amplification during transition in cach
transistor is large enough so that free-running switch-
ing can occur unless one transistor is switched nearly
completely nonconducting as previously explained.
Consequently, some common-bias resistance in the
emitter return usually is required, and the fixed bias
voltage shown in Fig. 14-1is also required. Normally
the one transistor is biased just beyond current cutoff
to make certain that stray pulses will not trigger the
circuit.

The introduction of the initiation voltage for the
univibrator is best accomplished at a point outside the
main switching path. Because both the bases and the
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Fig. 14-3. Voltage Waveforms

collectors of the transistors are in the switching path
for a conventional symmetrical univibrator, either one
of the base-return leads or one of the emitters may be
used for triggering, or a diode injection circuit may be
used. Some of the possible positions for introduction of
the control signal are shown in Fig. 14-2. Emitter-
injection circuits are particularly convenient, because
pulse integration is minimized.

If the injection is made into either one of the bases
or one of the collectors of the transistors, even with
isolating diodes, the behavior of the loop is altered by
conductive loading during the activation period. The
potential diagrams of the circuit shown in Fig. 14-2are
included in Fig. 14-3. In each of these potential dia-
grams, the collector potential is measured vertically
upwards with respect to the emitter, so the relative
polarity of the initiation pulses may be deduced di-
rectly.

The emitter bias used with the univibrator should be

14-2

sufficiently large so that the resistance from the base to
the emitter-return on the nonconductingtransistor can
be between 1000 and 10,000 ohms. With the lower
value, an isolation resistance as shownin Fig. 14-4may
be desirable, but with the larger value, it is unnecessary.
The base-bias resistance for the second base is made
sufficiently small to place the second transistor in a
saturation condition,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>