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ABSTRACT

This thesis, consisting of six chapters, 1iri=
vestigates analitically and experimentally the power
gain and the noise performance of linear active two-
port, which is the key aspect of the design theory
of amplifiers subject to the small signal,

Chapter I is the introduction to the field of
Yinear active circuit theory in regard to this thesis,
which includas the general introduction, the review
of previous work and the presentation of the problem.

Chapter II deals with the unilateral gain of
Mason which is an invariant of linear active two-

port under the lossless transformation. 1In Section



2.?, the representations of unilateral gain in terms
cof Y, H, G, F and T parameters are shown, The unila-
teralized structure of two-port corresponds tc the
singular case of the characteristic gain matrix which
is defined in Section 5,2, 1In Section 2.3, it is

- also shown by using the equivalent circuit that the
unilateral gain of transistor 1is an invariant under
the permutations of its grounding method. A kind of
lossless transformation matrix for the permutation

of the grounding method is given., The unilateral
gain of‘the transistor calculated from the measured

H parameters are shown on several operating condi-
tions.

Chapter III presents the graphical design method
of the high frequency transistor amplifiers by means
of the Linvill chart and the power gain chart which
is developed by the present author, In Section 3.2,
the input and output immittance chart which can be
used in finding out graphically the input (or output)
immittance for the specified load (or source) immi-
.ttance, and the load (or source) immittance for the

specified input {(or cutput) immittance, In Section

3.3, the Linvill chart is extended toward the region
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of Gy Re Hpp<0, In Section 3.4, the power gain chart

which indicates the stable region of linear active
two-port for the specified terminations and the power
gain in this stable region, is developed. 1In Section
3.5, the graphical design method cof high frequency
transistor amplifiers is proposed by the use of the
power gain chart and Linvill chart, 1In Section 3.6,
the estimation of mismatching efrect and the deteryr '«
naticon of bandwidth of the tuned amplifiers are
considered on the families of circles for constant
power transfer ratic. Finally, in Secticn 3.7, the
verificaticon of this design method is shewn by the
designing illustrations of high frequency transistor
~mplifiers,

Chapter IV is concerned with ths measurement of
the noisy components of the linear active tuo=-port,
In Section k.2, the relations between several noisy
components are formulated by means of che circuit
parameters, In Section 4.3, the principle of measure-
ment of the neoisy components of the linear active two-
port is presented, In Section L., the measuring

equipment for the neisy components of the linear active

two-port which has been designed by the present author
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is described, In Section 4,5, the measured results

of the two-port nocise of transistor is given.

Chapter V is the consideration on'the exchange~
able power gain and the exchangeable noise measure
Whiéh have been defined by Haus and Adler as the
driterion to estimate the gain and noise performance
of the linear active two~port, In Section 5,2, the
stationary values of the exchangeable power gain are
obtained»in terms of eigenvalues of the characteris-
tic gain matrix which is defined in this thesis and
the source impedances to fealize the stationary gains
are given by the ratios of the components of their
eigenvectors, Then it is pointed out that those
results have the formal similarity with the results
for the exchangeable noise measure of Haus and Adler.
In Section 5;3, the relation between the exchangeable
power gain and noise measure is clarified on the
source impedance plane, In Section 5.4, the physical
meaning of the singular cases of the characteristic
gain métrix and the characteristic noise matrix are
ognsidered; nameiy the former is singular for the

- unilateral two~-port, and the later is singular for

the two-port with one element and not restricted to



v
the negative resistance amplifiers. reported by Pen-

field. 1In Section 5.5, it is. proved:that‘the eigen-
value of the characteristic gain matrix in Section

5.2 is the complex conjugate matched power gain at

the input and output of the linear active two=-port,

and that the ratio of the components of its eigen=
vector is the source impedance to realize the matching
pewer gain, In Section 5.6 through 3.9, by introducing

the families of circles for constant exchangeable power

sain and nolise measure, the theory for the cestimation

V0]

£

o

ain and ncise merformance in a general linear

0y

amplifier and for the designing its.input circuit is
developed from the view pnint of keeping the noisec
measure optimum. The exchangeable noise mea'sure
becomes the exchangeable excess noise figure for the
linear amplifier with high gain. The approxzimatiocn
method of this case is presented in Secticn 5.10,
¥inally, in Section 5.11, the atove meBtioned thecry
is applied to the high frequency transiSfOf“amplifiers.

Chapter VI is the ccnclusion of this thesis,
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CHAYTER I INTRODUCTION

1.1 General Introduction

The last few years have witnessed the remark-
able progress of electrical engineering., At present
there are many active devices available and still
new devices are being developed; hence the establish-
ment of general analysis of the linear active net-
works by means of circuit parameters is significant
nn two accounts, First, it provides a way for the
unified treatmznt of the varied devices, and second
it suggests a desired direction for the future devel=~
opment of such devices,

Though there are much work with regard to the
passive circuit theory, we have still many problems
in the field of active circuit theory which should
be solved, The active two=por£ constructing én
amplifier has been treated case by case; for ine
stangg, the transistce amplifiers have been designed
by a cut-and-try method using tne special equivalent
circuit of the used transistor., This method is
limited in application because it cannot be used

for other devices. -



On the other hand, the method of the circuit
analysis for the linear active two-port, in which
the circuit parameters are used, is often applied
to the amplifiers. As the two-port, in this case,
is characterized only by the terminal voltages and
currents without the considerations of the inside
structure of a two-port, the analized results remain
valid independent of the kind of active device or
utilized frequency. The analysis for imbeddings of
load, source, feedback and so on needed for ampli-
fiers can be carried out easily according to the
known circuit theory. The circuit parameters of a
two-port are represented in six forms, those are
tﬁe Z, Y, H, 5, ® and T parameter representations,
in which two values among the four values of input
and output voltages and currents are selected as the
independent variables. The used parameter in each
analysis may be determined from the view point of
the convenience of calculation, the easiness of
measurement and the closeness to the physical mean-
ing. In this thesis, the output current flow invo
the load immittance from the two-port is choosed as

the positive direction in F and T parameter re=



presentations, and as the negative in other para-
meters, Each parameter in this thesis has a complex
value,

From these viewpoints of present state, the
general theory of linear active two~port by means
of circult parameters is investigated here, and the
applications to transistor amplifiers are described
in which the gain, noise, stability arid bandwidth
are taken into account. The unknown characters of
the transfer power gain, the exchangeable power gain
and the exchangeable noise measure are clarified

and the basic design theory of amplifier is achieved.

1.2 Review of Previous Woik

The brief review of the previous work on the
power gain and noise performance of linear active
two-port will be presented in this section.

There are many investigations concerning the
power galiln and stability of linear active two-port

-(L .
by Masgn,(l) (1) Pritchard,(5) Stern,\6) Bolinder,(7)

8 :
Sharpe and Smith,( ) nd the quantities which charac-
terize the performance of the two-port, such as, the

invariant under the lossless transformation, the



L

maximum power gain, have been found,.

The customary noise figure is not a good criterion
to estimate émplifiers of low gain, because the noise
figure can be lowered by the application of negative
feedback but the noise performance of amplifier is ﬁot
improved, Stimulated by the unilateral gain of -
Mason,(l)'(g) Ha%s and Adler(g)“(lu) found the in-
variant of linear noisy networks. The invariant is
the optimum value of exchangeable noise measure which
is suggested by them as a better characterization of

(15)

amplifier noise performance, Penfield found that
the exchangeable noise measure of negative resistance
amplifiers is independent of the practical lossless

network used and must therefore always be equal to

. (16)
the optimum value, Kurokawa proposed a different
noise measure which includes the noise contribution

from the lcad, and hence enabled us to compare the
performance of two different amplifiers which are
not necessarily optimized,. Heffner(17) has given
the fundamental neoise limit of linear amplifiers by
applying the uncertainty principle of guantum mecha=

nics to the process of signal measurement,

Some efforts are yverformed by Linvill and



. (18)-(20) k4
Schimpf on the representations of the

input and output power of an amplifier and the
input and load immittance by means of the circie
diagrams. The geometrical approach to the analysis
of linear active two-port is significant on the
designing an amplifier.(gl) Gewertz(zz) preéented
the geometric representation of the stability of
recipreccal two-vort, which is generalized to non=
reciprocal two-port by Llewellyn.(?B)

Van der Zie1(2u)_(96) and Strutt(27) investi-
gated the noise in transistor, but the method tc

measu~e the two-port noisy components of transistor

has not been given.

1.3 Presentation of the Problem

| This thesis investigates the power gain and
the ncise performance of linear active two-port by
the use of circuit parameters., The main body of
the thesis consists of two pérts. In the first part,
that is, Chapter II and III, the property of two-
port is investigated in th~e abseiice of intarnal
noise. The second part, that is, Chapter IV and V,

is conecerned with the property of two-port at the
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presence of internal noise as in the preamplifier.
The theory ‘discussed in Chapter IIT and V is most
~éignificant in engineering, to which the unilateral
gain and the measurement of noisy cocmponents of
linear active two-port complement.

New results of the thesis may be summarized
bricfly as follows:

a) A kind of lossless transformation matrix for
the permutation of connection is given. See Section
243

b) The input and ocutput immittance chart is
obtained, which is used in finding the input (or
output) immittance for 2 given load (or source) immi-
ttance. See Section 3.2.

c) The power gain chart which indicates the
stable region of linear active two-port for the speci=
fied tefminations and the power gain in this region,
is presented, See Section 3.k,

d)} A design method of high frequency transistor
amplifiers is pr0pdsed by the use of the power gain
chart, See Section 3.5.

¢) The bandwidth of tuned transistor amplifiers

is considered on the families of circles for constant



powér transfer ratio. See Section 3.6.

f) The method to measure the noisy components
of linear active two-port is found ocut., See Chapter
Iv.

g) The eigenvalues of the characteristic gain
matrix and characteristic noise figure matrix whigh.are
defined in the thesis are the complex conjugate
matching power gain and noise figure ¢l linear active
two-port and the scurce impedances to realize them
are determined by the ratios of the components of
their eigenvectors, See Section 5.2, 5.5 and 5.10.

L) The characteristic gain matrix of unilateral
two-port is singular, The characteristic noise
matrix 1s also singular for other two-port not rest-
ricted tc the two-port with negative resistance
which has been shown by Penfie’d. See Section 5.4,

i) The families cof cirlces for constant ei-
changeable power gain, excess noise figure and ncise

measure are obtained on ths complex source impedance

plane. Sece Sections 5.7, 5.9 and 5.10.



CHAPTER IT UNILATERAL GAIN

2,1. Preface
One of the desirable direction in active circuit
theory is te find out the invariant under the loss-
less transformation which include the lossless
féedback, the change of source impedance and the
(1),(2)

rernutation of terminals, Mascn has proved

for linear active two=port that the unilateral gain

2
, | L2 = Za | :
4 (Re ZyReZzo - Re ZaRe 23 (2.1)

I =

of a two-port is an invariant for lossless reciprocal
imbedding. In Ea. 2.1, Re is a real part. The unila-
teral gain, however, is unbound for lossy reciprocal
imbedding if the two-port is active., The unilateral
gain is further unbound for lossless nonreciprocal
imbedding if the two-port is active. The proof of
these two statements is given by Leine.(28)

The maximum power gain of unilateralized two=port
by lossless imbedding cr lossy reciprocal imbedding
is expected in the guantity U calculated from the

circuit parameters of the original two-port. TFor the

unilateralized two-pert, Zqio, Y10, Hio, & and det
P 12 12 12 12
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are reduced to zero, There are several papers on
the subject of unilateralization(29)"(32) (including
neutralization), and many possible neutralizing cir-
cuit has been presented,

In this chapter the unilateral gain is consider-
ed; namely other parameter representations of Mason's
eguation are given, and it is shown by the calculation
using the equivalent circuit that the uvnilateral
gain's of transistor under three grounding methods
are equal each other. The permutation of grounding
method is a kind of lossless imbedding. The lossless
transfoarmation matrix of grounding method is obtained

for each permutation.

Z.2 Unilateral Gain(33)
The complex conjugate matching power gain of the
unilateral or the unilateralized two-port is represent-

ed in terms of each circuit parameter by

_zf
LJ 4‘Rk22‘§2221 (z.”)
L - I, [ (2.3)
4 Re Y, ReYs
(2.4)

_ | Haf?
4~Ekfm‘gekﬂn




10 q
2
= . N 0 9.5
4R G, Re Gz (#.3)

- !
2 P@(Eg€§+ = :,\

where ®*means the complex conjugate, which has the same

U

(2.6)

form in Z, Y, H and G parameter representations, We
have no its representation in T parameter. The source

impedance to realize the complex conjugate matching

power gain is given by Z11%*, l/YII » Hyp*, I/Gll* and

4 *
Fll*/F?l* (= FlZ/w99* ), and the corresponding load

impedance is given by Z?Q*, 1/Y??*, 1/H9?*, Goo* and

¥ Fi2

22*/F21* (= */Fll*) respectively., The complex
conjugate matching power gain is also obtained by the
eigenvalue of the characteristic gain matrix defined
in Section 5.2. 7The characteristic gain matrix is
singular for the unilateral or the unilateralized two-
port, These detail arguments are described in Chapter
V.

As it is known that U of EBq. 2.1 is an invariant
for 1ossléss imbedding and is equal to the U of Eq.
2.2 using the new parameters of unilateralized two-

port, U of Eq. 2.1 is the power gain matched at input
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and output of the unilateralized two-port by lossless

imbedding. The other parameter representations of

Mason's unilateral gain are

U s EJ; =% (2.7)

b 4(;7QH,,¥2£§:Z;+§J;,Z T a0 (2.8)
U= TTxa @l&ci;%ir@u T (2.9)
U= Qe(fi:F}:" ij&;f%;ﬂﬁui) (7.10)
- [t - dtTF (2.11)

2 QQQR Ta: ‘}'T;z Ef - Z{af T)

where Im is a imaginary part, hence Z and Y, H and

G, F and T parameter representations have similar
forms respectively, that is, we have only threc kinds
of representations as the unilateral gain, In addi-
tion, if le, Hyo, Gqp and detF are equal to zero,
BEg. 2.7 through 2.10 are reduced to Egq. 2.3 through_

2.6,

2.3 Unilateral Gain of Transistor
The unilateral gain of transistor for the

grounded base configuration has been given by Mason,
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The present author has calculated similary the unila~

teral gain of transistor for the grounded emitter and
the grounded collector configurations using the equi-
valent circuit and haé obtained the same resuits as
for the grounded base . cenfiguration of Mason.

The lossless transformation matrix for the permutation

of grounding methods which is represented in

Z}-:;’z_th t : transposed (2.12)
(3h)

are given in Table 1, where Z is the original
impedance matrix, and.Zfis the transformed impedance
matrix, The transformation matrix between the ground-
ed emitter and the grounded collector in Table 1 ha;

been given by Mason and others have been obtained by

the present author,

Table 1. Lossless transformation matrix
for permutations of grounding
methods,

G.B.—G.E. G.E.«G.C. G.B.—G.C. G.C.~G.B.
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Finally, the curves of the unilateral gain of
transistor calculated from the measured H parameters

are shown in ®igs., 2,1 and 2_ 2,

2.4 Summary of Chapter II

The complex conjugate matching power gain of
unilateral two-port and the other parameter repre- -
sentations of Mason's unilateral gain are presented,
It is shown by using the equivalent circuit that the
unilateral gain of transistor for three grounding
methods is the same value, The lossless transforma-
tion matrix with regard to the unilateral gain is
given for each permutation of grounding method;
Finally, the numerical values of unilateral gain for
practical transistor are shown,

We do not know if the unilaterality is really
necessary. We can design amplifiers that wurk well
without being completely unilateral, Unilaterality
is, however, desirable for the simplicity, both in
theory and practice, and for the estimation of two-

port characteristics,
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20} %
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Fig. 2.1 Unilateral gain of transistor
calculated from the H parameters,
as dependent on frequency,
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T 23 k5 6 7
collector current (mA)
Fig. 2.2 Unilateral gain of transistor

calculated from the H parameters,

as depéndent on collector current,
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CHAPTER III PCWER GAIN CHART AND ITS
APPLICATION TO HIGH FREQUENCY

TRANSISTOR AMPLIFTERs(35)+(30)

3.1 Preface

The low frequency equivalent circuit of a tran-
gsistor has been well established., We can, therefcre,
perform the general low frequency circuit analysis by
the analogous conventional method used for vacuum
tube amplifiers, The utilizable regions of transis-
tor are still, expranding toward the VHF band and UHF
band, Over the UHF band many kinds of equivalent
cilrcuits of transistor have been suggested. But
there remain many problems: namely the complexity,

the usable regicn and so on, Thz transistor amplie-

%)

fier in such hizh freguency bands is now ¢

esigzned by

{

a cut-and-try method. TFurthermore, many new semi-
conducteor devices will be developed in the future and
tle circuit designers will make efforts to establish
the equivalent circults for these new devices,

From these viewpoints, if the circuit designers
persist in the design method of transister ampli-
fiers using an eguivalent-circuit-appreach, they

will never be using an unified design method
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Bacause many more new devices are bound to be dévelop—l
ed. The establishment of unified design method of
the semiconductor amplifiers at:high frequency by use of
the circuit parameters is desirable for the prevention
from disturbance in the design méthcd of the new de-
vices expected in future and for the unified inter-
pretation of the semiconductor amplifiers,
Chapter IIT considers the fransfer power gain

and stability of a linear active two~port by the use
of circuit parameters. The graphical method to find
the input and output power, the input immittance and
the terminated immittance of a given linear active
two-port under the condition of the input matching

has been developed by Linvill and~Schim;ﬁx(18)-(20)
Hoﬁever, a coﬁsiderable amount of computations is still
required to find the power gain and stable region,
~which are the most significant quantities for the
vcircuit designers, and there is in need of simplifi-
cation of the process. From the above viewpoints,

this chapter points out the 1limit of the Linvill chart
and an extended Linvill chart toward the region of
GpReHsp < © is given, Then the powsr gain chart is

described, by which the stabiliity for syscified
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terminations (input matching), the transfer power
gain inside of this stable region and the terminate
ed immittance needed for specified power gain are
obtained graphically by using it with the extended
Linvill chart, In addition, a graphical design
method of high frequency transistor amplifier is
presented as cne of the applications of this chart
and the verification of this design method is confirm-
ed by the experimental results, The ideas of the
general input immittance chart and the families of
circles for constant power transfer ratios are used

complementally in the design of amplifiers.

3.2 Input and Output Immittance Chart of Linear

Active Two-port(37)

The input immittance of u linear active two-
port for specified load immittance can be obtained
graphically by means of the Linvill chart and the
input impedance overlay presented by Linvill, |
A different, yet simplified, graphical method of
fimiing the input {eor output) immittance of a linear

active two-port for a given load (or source) immi-

ttance is described here in a more general way.
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Figure 3.1 indicates a linear active two-port

with the load .immittance My and the source immittance
Mg. The input immittance Mj and the cutput immi-
ttance Mp of linear active two-port are the functions

of M, and Mg as given by

M2 M
Mi - ‘\/‘[H - [0 tvzx (3.1)
Vbz*\ﬂL
) 13
My = M- R (3.2)
M\\“"‘MS :
— —| M My e— L
Ms, M Lo Mg | e,
‘-‘I'— . \\L‘iZl }.'&'122 7

Fig. 3.1‘An elementary system consisting

of two-port, source and load,

First, the chart which indicates the input

immittance for a given load immittance is considered.
If we put
]‘;’fll_mMi::‘,M;;’(: Rl—-le) ( 3.3 )

MZE":N—L: 1"‘.’52(2 Rg+jX2-) (3.4)

to Egs. 3.1 and 3.2, 1t follows

o Ry Re MiaMa, =+ Xo T Ma My : (3.5}
RI Y X3
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x - - RZ INMD. Mz\“\'Xz QQMR Mz!

.6
RS * X3 (3.6)
From Egs. 3.5 and 3.6 we have
Rﬂﬂayh! Iﬁkh}tﬁ ﬁﬂn*&;f (3.7)
( Ra™ > bﬁz 2%/ 4R7
I}t\ P“]zMz‘ QQMRHI,Z= ’M;z ?‘425}1

making Ry and X1 be constant. The curves of Eqs.3.7
and 3.8 are families of circles with constant My on
the complex Mo plane, and their loci of centers as

4 varies are given by

Im Mtl M).i -
X)’ R’e sz }/121 2 9)

Re M M
VR (3.%0)

T Fha My
The straight lines given by Eqs. 3.9 and 3.10 are
orthogonal each other., The circles expressed by Eqgs.

3.7 and 3.8 are obtained by rotating the chart of

Fig. 3.2 by ¢, where & is specified by

9= arz (Myp ® Mpy) | (3.11)

We can find My (or M) for the specified M (or My )
by using Fig. 3.2;

The output (source) immi@tanée of linear active
two-port for a given source (output) immittance can

be found similarly from this chart by putting
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Fig. 3.2 Input and output immittance chart
of linear active two-port,

. The numerical example of finding the output
impedance for the source impedance Zg = 46+223(.))
by means of this chart is shown in the following.

7 parameters of the used transistor (2SA235) at 100Mc

of G.B., V,==12V, I =1lmA are
(211212) _ 58.2-4,2535 25+j12.5
J £75+3550 525-5253

L.

Z‘?]_Zr){;
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wWe have

21225y = (142.223) X 10%

| 212221 | = >.44 x 10%
8 = arg (212 221) = 66

' Z91+%g = 105 + j17.8,

If we choose RZ{, X,' in the range of

s

we have Rs

1 t X?" 8
Ro = 100 = 1.05 Xo = 1006 = 0,178,

The readings on the input and output immittance chart

are obtained from the point corresronding to (R2',

X»' ) in the rectangular grid. Therefore

Z yA YA YA
|Z12Z21] _ [212Z21] _ | g
100Ry 100X1

Zo=Zop - Z1=497 - 8155 (1).

This is the ocutprut impedance of the transistor when

the source impedance is 46+223F (<L),

3.3 Input and Output Power, and Términation
Immittances
The Linvill chart representing the terminations
of linear active two-port and the charts indicating

the input and output prower for a given terminations
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were first proresed by Linvill, In this section,
the representations of the input and output power
and the Linvill chart are described first using the
(18)-(=0) -

notations of Linvill as much as possible,
in order toc clarify the relation between them and
the power gain chart which is develored in Section
3.4, Then the extended Linvill chart toward the
region of GLReH22< 0 is given, |

A linear active twc-port with the source impe-
dance ZS(=RS+jXS) and the load admittance Y[ (=G, +
jBL), has the specified input current and output
voltage, As is shown in Fig. 3.3, the terminations
of an active two-port are represented in the current

and voltage scurces specified by L and M.

_119 : 12
; A A

L — | (Vi) [Hix Hio) 11| l
I1=1+4j VlT Pi = . Po IVZ MV
Ig {Ho1 Hoo| |V2

Vo=a+jb

2Reloo

Fig. 3.3 Linear active two-port and terminating

sources represented in L and M,
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The representations of the input power F; from

the scurce to the twowport and that of the output power
Po from the two-port to the load have been given in
terms of L and M, For unilateral two-port, Pi=ReH11.
The surface of P; in the (L,M,P;) -space is a plane

and the locus of FP; on the LM plane is given by

Mz 2 Ke % Haz
M = Q@H!z 24 L - ‘fiK( Hn% ) (3'114')
IW\. Hl)_ “_‘2\ I{h Hn H.ZI

The surface of F, in the (L,M,P,)

67}

race is the upward
corvex raraboleid when Re Hop2 >0, and downward convex
rarabeoloid when Eg H22< 0, The Fy and F, are also re=-

rresented by means ef P, F and &, where T and

io?* 00 io

F,, are the input and output power at the point L=1
and M=0, and the positive x axis extends towards Y
from the point L=1 and M=0. Tre angle Y has been
given by

V= ang (= tha My ), (3.15)

which i. the angle betwecen the L axis and the image
line c¢f gradient line of FTj plane on the LM piane.

+~ is caused by the phase rotation between the inputv
and output of a two-port and is reduced to zerc for

the unilateral two-p@rt. The P4 plane intersects the
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X axis in the region of |X|<| if 1K1 =] .

and in the region cf 1X|>] if (ki<y where

K has been given by

K = 21 He P . (3.16)

2 Re My Re Hy, —~ Re Hi My,

The plus sign corresponds to Re H22 > 0, and the minus

sign to ReH,,< 0. K is a specific quantity in each
two-port and contributes tec the stability of a two-
rort, K is reduced to zero for an unilateral two-
port. T, has a positive valﬁe when either |Y}|<!
and Re Hp70,0r (Xi>] and ReHo»<0.

The ratio of the input and ocutput power at L=1,
M=0 has been given by

Poo . ‘HZI ‘1
= T . (3.17)

| = [T B s T S o
Po 4 Re Tl ke My = 2 e iz Mz

The power gain given by Eq. 3.17 is realized by using
the locad admittance equai to H ;2, For the unilateral

two~-port (H;,=0), it represents a unilateral power

gaih under the complex conjugate matching (i.e.
* X N X ,
Zg = H11 , Yy = Hy, ). When 1>K>C , the difference
P .
between 6O/Fio and the complex conjugate matching

pewer gain matched both at the input and the output



is known not to be greater than 3 db, 25

The values of¥y, K and PO"/]:'.10 described here
are détermined only by‘the operating condition of
given linear active two-port, characterize the nature
of the two~port and can be used as the figure of
merit of the two-port, The set of these values
plays an important role on the design method of high
frequency transistor amplifiers in a later section.

The input and load immittances can be expressed
in terms of L and M defined in Fig, B'B'Zin for
specific values of L and M can be obtained from the
input impedance overlay of Linvill which is a rec-
tangular grid inside the circle with the radius twice
as large as that of Linvill chart, In order to ob-
tain the matching source impedance from the readings
of o{; and Rz on the input impedance overlay, the
following equation is used,:

x O{ . }%IHMK
Zs=H, + s iBs)—5mp— (3.18)

The relatien betwesen the load admittance and

L, M 1eads to
( L Qe H;:e )z + 2 ( ?@ Hza)?'

- *§£§§' PL = ‘?5??‘ (3.19)
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( Tn Y Tn Yz (3.20)
where Y2='%J+ Hs5. The set of loci specified by
Egq., 3.19 and 3.20 on the same axis when GpRe Hys>0
is called the Linvill chart., Y, or Y, for given L
and M, and conversely L and M for speoified YL can

be determined from this chart, The Linvill chart is

not defined when GjRe H22<0, When the loci of Egs.

3.19 and 3.20 are drawn outside the Linvill chart,
all the load admittance are represented as shown in
Fig. 3.4. The relation between YL and the readings

&L and %«on the extended Linvill chart is given by

YL:(dL+j@L) Pef‘“zl"y‘lzz. (3‘21)

When iieHoo>0
Gp,>0

wWhen ReHpop >0
« ~ReHpp< G, <0
7N
/{/ ”

When HeHpo> 0
Gy, < ~-ReHoo

Wnen ReHno<O
G1< 0

When ReHpo <0 When RaHop< O

G, > ~KeHyo 0< Gy, < -ReHop

Fig. 3.0 Relation between Gy and extended Linvill
chart,
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(38)-(39)

3.4 Fower Gain Chart of Linear Active Two-port

The power gain chart on which the power gain in
the stable region of linear active two-port can be
obtained graphically for the specified terminations
is presented in this section. The power gain is ex-

pressed in terms of L and M as

; ~{ M) [Hy 2 LR
G-c P _ (L ‘z! L‘ Zl\ . (3.22)

! PL 4 Pe Hn RQHll ‘2 L ?Qﬁlel\Tz MI!\HQ Hég

It follows that

({ "Huf\ 2& (ZPHHH%HA\% "ﬁ?'\; H M, }2

t3
ke mm\ ﬁTmHzﬁz«> - (3.23)
‘.\‘ ‘Hﬂ.\ H.é! I’,HZl \
assuming 3 being constant, ‘hen the right hang side

©

f Zg. 3.23 is positive, the locus of Eq. 3.23 shows

the family of circles for constant G on the LM plane,

where iﬁzimf,gﬁ;(z&’m%ﬁu’ Re Mo Ty} + 1 Hap”
radtis o v (3.24)
2
. KeHpH
\ L=L+€¥£i?j_’{:;2‘% (3.25)
centers; 1 th&_I’_“_F_‘ii:’ . , (3.26)
) Myl

‘\
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The locus of centers as G varies is given by

Im*ﬁgfﬁx

M=-(L-~D)—"— “
(LD (3.27)

which is obtained by eliminating G from Egs. 3.25 and
3.25, The straight line expressed by Eq. 3.27 is
'Vorthogonal to that of Eq, 3.14 and is parallel to the
| image line of gradient line of P; on the LM plane, |
The range of G is found from the condition that

the right hand side of Eq., 3.23 is non-~negative,

- Namely,
G =2d,, o> § if 1 >k
& may take on any values if | & 1k}, .

where o, and d, (<&1>g“ } are the solutions of the
equation which is obtained by making the right hand

ide of EBgq., 3.23 zero, that

%]
el

-
X ]

| OReHRHa" Refaty +] 2R HiRer=Rebath) ~ |Ha Fall® - (3.28)
A, ‘Hszf ' ‘

These values are the power gain under the condition

6f complex conjugate matching at the input and output,
It also can be shown that they are the eigenvalues of
characteristic gain matrix which is defined in Section

5.2,
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On the other hand, power gain is represented as

the functien of X

o - x?
62 P . 7( Ra

Pﬂ@ 3‘\"KX E*—‘si:— GYN ) (3.29)

The curves of Gy for /X141 , are shown in Fig., 3.5

and 3,5, If |3>)K|] , & in Bg. 3.29 has the stationary
values which coincide with dm and o, « From Eg. 3.29
we have
X+ KGux tGn=-1=0 - (3.30)

Selving this equation with respect to G, under the
condition that Eq, 3,30 has only éne solution, we
get the stationary values of Gy when ]|k} .
Tnerefore, Egq. 3.30 has nb real solution between the
two stationary values. This means that there is no
real ¢ between the two stationary values, This
result agrees with the previously obtained range
for G, If Ki2z}, Eq. 3.30 has real solutions § and-
S(¥2¢), where

{1-8.==— K G& z

¥ 8 = &N‘ﬁ B

The circles foer constant GN instersect the Yy axis at

(3.31)

f and § when [K|2] and are represented by



-0.8

0.6 ~0.4 -0.2 0 0.2 0.4 0.6 0.8
Fig., 3.5 Curves O0f Gy with parameter K for(>k)c, when (x| ¢,

1.0
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Curves of GN with parameter K

for X> |

3.6

Fig.

when X1 ¢ |.
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e e e

where the 4 azxis intersects with the x axis ertho-

gonally at the point of L=1 and M=0 in the LM plane,

The straight line which intersects the cross points
2

2
of Eg. 3.32 with the unit circle of x%+y =1 is

described by

L
X:“‘—"‘ & (3.33)
K
Therefere, the family of circles feor constant GN
-1
intersect with the unit circle at %= if (K>t

Through these considerations, we can draw a
family eof circles for constant power gain, The ex-
ample of power gain chart for each case is illustrat-
ed in Fig., 2.7. Several power gain charts witn para-
meter K which are traced on transparent paper must
be prepared for the following design methed of high

frequency transistor amplifiers,

3.5 A Design Methed of High Frequency Transistor
Amplifiers(uo)
In this sectien, a graphical design methed of

high frequency transistor amplifiers is described
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as an application of the previously mentioned general
theory.

(A) Statement of the FProblem

The design method deals with the following
problems under the conditicn of complex conjugate
matching at the input for an arbitrary load,

(1) The determination of the maximum power gain
of an amplifier and its realization. (The maximum
power gain does not hecessarily require the complex
conjugate matching at the input and output of a two-
port,)

{2) The determination of power gain of an ampli-
fier with a specified source impedance (or load ad-
mittance) and its realization,

(3) The realization of specified power gain

)

below the maximum power gain.

(%) The synthesis with real Zg for the maximum
power gain,

(5) The synthesis with real Yy, for the maximum
power gain,

(6) The estimation of the expected wvariation of
the power gain due to the parameter change caused by

the change of external circumstances (bias, tempera-
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ture, frequency, etc,).
(7) The stability of a given linear active two-

port,

(R) Design Method

The design procedures of high frequency tran-
sistor amplifiers for ReH,5>0 using the Linvill
chart, the input impedance overlay and the power
gair chart, and Egs. 3.15, 3.16, 3.17, 3.18 and 3.21
are as follows,

1) Measure the H parameter (or other paramecter)
of the transistor at the desired frequency under a
given condition and compute*ﬁ, ¥ and POO/FiO from
Bgs. 3.15, 3.16 and 3.17.

?2) Tetermine the power gain chart to be used
according to K computed in procedure 1). (If €>K>-|,
a stable amplifier can not be designed.)

3) Place the power gain chart which has been
determined in procedure 2) over tine Linvill chart
and place the input impedance o7verlay over them so
that the point of Linvill chart corresponding to tihe
infinite reading is at the center of input impedance

bpverlay, and rotate counterclockwise by the angle
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y~ both the power gain chart and the input impedance

overlay,
In the following the procedures are described

in sequence for the above mentioned each problem.

For problem (1)
k) Compute the maximum power gain by substitut-
ing the maximum reading Gy which is obtained from

the power gain chart into

G(db) = Tiifl_m‘db) + Gyldb) (3.34)

io
For | >K>0, Gy is below 3db. Compute Zg by sub-
stituting the readings ol and 8y which are obtained
on the input impedance overlay at the maximum point
of Gy into Eq. 3.18., Then compute Y[ by subsktituting

the readings</_ and @, which are cbtained on the Linvill

chart at the maximum point into Eq. 3.21,

For problem (2?)

5) As an operating point on the input impedance
overlay can be determined from the computed values
of of{g and 84 by Eq. 3.18 for the sbecified source impe=-
dance, compute the power gain and the load admittaice

A%o be commected with by substituting the readings Gy
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on the power gain chart and < , §_on the Linvill

chart at this operating point into Eqgs., 3.34 and
3.21. As an operating point on the Linvill chart can
be determined from the computed values ode_andgklnr
Eq. 3.21 for the specified load admittance, compute
the power gain and the source impedance to be con=-
nected with by substituting the readings Gy on the
power gain chart and 13 » 3s on the input impedance
overlay at this operating point into Eqs. 3.34 and

3.18.

For problem (3)

56) If a power gain tess than its maximum of the
two-port is specified, compute Gy from Eq. 3.34, then
a circle on the power gain chart can be specified,
Determine the source impsdance and the load admite
tance to realize the specified power gain by sub-
stituting the arbitrary réadings of olg '@S in the
input impedance overlay and 9 , ?L in the Linvill
chart on the above circle inte Eas, 3.15 and 3,21,
The scurce impedance and the 1oad admittance here

cannot be determined'hniquely.
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For problem (U4)

7) Select a line for speéified.@s from Eq. 3.13
for Xg = 0 on the input impedance cverlay and find
out a circle which is tangent to (if |k|>1 , inter-
sects) this line cn the power gain chart, Then com-
pute the mazximum power gain for this case by sub-
stituting the reading Gy on the power gain chart at
the contact (cross) point into Eq. 3.34. If jki>] |,
GN becomes fairly large. Then compute Rg and the
load admittance by substituting the readingsag on
the input impedance overlay and JL s+ B on the Lin-

vill chart at this point into Egs. 3.18 and 3.21.

For problem (5)

€) Select an arc of the circle for specified @L
from Eq. 3.21 for B; =0 on the Linvill chart and find
out a circle which is tangent to (if Wi>}] , may
intersect) this arc of the circle on the power gain‘
chart,. Then ccompute the maximum power gain for this
case by substituting the reading GN oit the power gain
chart at the contact (cross) point into Eq. 3.34.
If JK|>1 , Gy may become fairly large. Compute the

source impedance and Gy by substituting the readings
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Ag Bs on the input impedance overlay and o&_ on

the Linvill chart at this point into Egs. 3.18 and

3.21.,

For problem (5)

9) If the circumference conditions are varied
after the design of transistor amplifier, gs s @3,
SN @L . ¥ , K and POO/PiO may vary cue to the
thange of H parameters. The difference between the
actual power gain and the designed value cun be eva=
iuated from the readings of new operating point on

the mower gain chart,

For problem (7)

10) In Fig., 3.3 the normal power flows are from the
source to the two-port and from the two-port to the
load, and it can be easily underctood that the power
flow from the load to the two-port or from the two-
rort to the scurce means the unstabilitv of an ampli-
fier. The ranges in which a stable amplifier can be
designed lie inside the Linvill chart if ReH,,$0
and outside the Linvill chart if ReHp5< 0. So Gy>0
is necessary to design a stable amplifier, There is

no restriction on By . The stable region of a two-
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port required by the positive input power have been
giescribed in the pbwer gain chart. The source impe-
cdance of the stable amplifier must be represented in
a part of input impedance overlay which is covered
with the stable region of power gain chart. This
gives the restrictions to the realizability of proce-

dures 5), 7) and 8),

Summarizing the aboveg

When 12K> 0, we can design a stable transistor
amplifier only in the Linvill chart. Note that,
when K=0, that is, when the two-port is unilatural,
ReHy9> 0 1is required.

When 0>% >-1, it is impossible to design a sta-

ble amplifier with this transistor because the output

o}

ower or the input power is always negative.

When |K} > 1, this transistor is potentiélly
unstable, which means that a stable amplifier can be
designed with this transistor only by the use of
suitable terminations, In addition, a fairly high
power:gain can be expected near the critical points,
‘but it must be‘remembered that the émplifier may be-

come unstable by the variation of external condi-
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tion.

For the transistor of ReH22<O, the range of
positive ocutput power is outside the Linvill chart,
But the proposed design method in this case is effec=-
tive by using the extended Linvill chart and the
rower gain chart outside the Linvill chart as illust-

rated in Fig, 3.7.

3.6 Determination of Bandwidth on Family of

(k1)

Circles for Constant Power Transfer Ratio

The discussion on bandwidth of high freguency
transistor amplifiers using the power transfer ratio
is described in this section. It is well known that
the complex conjugate matching is used in order to
obtain the high gain, The relation between the
departure from matching and the “Hecreas. of power
gain., and the determination method of bandwiath using
the power transfer ratio are clarified,

The power transfer ratics Ty , Tout at the
input and the output of an amplifier are represented

by

T,

Input power URgR;
in= : (3.35)

E

Exchangeable power §25+Zin;2
cf source
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Power to load bg .G
T ., = -_outL (3.36)
ou Exchangeable power *Y t+YL%2
of ocutput ou

The power transfer ratio is unity if all the availa-
ble power of the source flows into the load, In this
case the available power of source is consumed in the
source and the load respectively. T;,=1 means the
innmut matching and Tout =1 means the output matching,.
The problem (1) in preceding section is concerned
with the realization method of Typ=Tgout=1l, and the
rroblem (2) is that of Tj,=1 and T ,¢%l.

In order to estimate the mismatching effeo% at
the input and output, from Eqs. 3.35 and 3.36 making

faa)

Tin and T,ou¢ be constants, following equations are

led
405 (1= Tm)

{.R;n* 'P;(\~%“}Y+ (x Wt Xs) = T2 (3.37)
2 : 4 Rim (1= T
{Rga&;,,(x~%—.;3}*(‘<s*"‘n3“ .z (3.38)
. 2 2 46“7@;(*“ Tout)

{%Lt Gt - %ﬂﬁ*‘(&* Bout) = T (3.39)

2 2 _ 4G5 (1~ T (3.40)
%&W& v (0 aﬁ*’{&“ﬁ&} Tot®
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The loci of these equations form the families of cir-

cles for constant T;, and T,,; if Zgy Z Y, ut and

in?
Yy, are constants inside of the necessary bandwidth.
The mismatching effect at the input and output side
of the input tuned amplifier, in which Z;, and Y
are nearly constant, can be estimated by Egs. 3.38
and 3,20 respectively. In case of the ovtput tuned
amplifier, in which Zg and Y,,t are nearly constant,
the mismatching effect at the input and output side
can be estimated by Egqs. 3.37 and 3.39. Usually
BEqs. 3.38 and 3.39 are more effective in those esti-
mations., For example, in case of the ouvtput tuned

= T

amplifier of =1 =at cpnter frequency,

Tin out
after drawing the circle of T = %+ by Eg. 3.39
on the load admittance plane and plotiing the leoad
admittance including the tuned circuit on the same
scale, we can determine the bandwidth between the
points corresponding to -3db by tlie frequency at
which the load admittance intercects the circle of
Tout = 5+ The family of cirles for constant power

transfer ratio of output tuned transistor amplifiers

and its cross section is illustrated in Fig. 3.8.
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Fig., 3.8 Family of circles for constant power
transfer ratio of output tuned tran-
sistor amplifiers and its cross section,

3.7 Designing Illustrations of High Frequency

. s ot A x s {(35Y (L1Yy (L2)
Iransistor Amplifiers‘--/»} 7 wd 4

The experimental results by the previous mentione
 ed design method are described in this section and
the Justification of this method is clarified, The
transistor used is 2SA235, H parameters and other
immittances are measured by the Transfer and Immittan-
ce Function Meter of General Radieo (TiF meter) .

| As the difference of readings on the power gain chart
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due to the slight change ofV, K is not significant,

the design method may be easily applied to the tran-

sistor, Figures 3,9 and 3.10 show the curves of Y} ,

K, POO/PiO and ¢, , calculated from the H parameters,
as dependent on collector current, As the collector
current characteristics of }\~and K for both ground-
ing methods show only a slight change, this dssign
method may be applied conveniently., The same argu=-
ment also applies to the collector voltage character-
istics, as can be seen in Fig. 3.11 and 3.12, As K
of this transistor is between unity and zero, the
stable amplifier can be designed always according to
this design method by using the terminations inside
the Linvill chart (GL}O, because ReHon > 0). It is
also shown that the difference between the maximum
power gain o, and Poo/Pio is less than 3db. The
grounded base configuration is desirable than the
grounded emitter configuration in designing ampli-
fier judging from the collector current characteris-
tics of oy . The collector voltage characteristics
of POO/fio_for both grounding methods are flat, as.’

can be seen in Fig. 3.13. The collector current

characteristics of terminating impedances which



46 A
al lgL ‘."/ /’_'»,.."- .._\;\ Ql\\
or Foo /;/// PooA'\r\:::\ 254235, 10(Mc,
Piqrop o P NG Vo= -6V,
T° S/ io AN
e N
c0r  (@P)gl ¥ N
ot ’/ K- x s«xi‘*"
1 x
=20 B[N e i
~40r 1.6 L
0.4 2
0.2 collector current (mA)
0 O : 1 X L 1 3 .
s A%

G 1 & 3 4 5 6 1
Fig. 9 Curves of V , K, Poo/pio and o, ,
calculated from the H parameters in

grounded base configuration, as dependent
on collector current,

a7 12 .
or 13;3_9_ O AR 254235, 10CHc, V,= -6V,
10 it .\"
v (ab) | ¢ Zoo &y :
260 8} : Pio \ w
240' - T, ¥ e X ,_‘x_.x e e X SR Ay
2000 K 6t %

At 0
R e ——

1
[ Q o (}f X/ S ¥ .
BN el \\
. O.. 2 A“v, I{ ~ o ‘-';:»\
0

collector current (ma) “ o
O 1 2z 3 4 5 &7

Fig. 10 Curves of ¥ , K, Poo/Pi0 and o, ,
calculated from the H parameters in
grounded emitter configuration, as
dependent on collector current,



b7

1.¢ 28A235, Io=lmA.
i . x  100Mc, G.B.

O 08§' R N K [N QU A
U e a
e ey
0 65_ g y . / 2 150Mc, G.EB.
b & .
‘ :‘,i/ /,/ P \\', K S ? e %SOI‘JIC 5 (J E
O. 4; . A/_/*‘ o ° T e » 7 T ;‘&“""'"&T,jls
P, 9 0 lOOhc, G. E@
P ya
[ o
0.2 /.
Ive
Y collector voltage (—Volts)
o 5 e R -

6 9 12
Fig. 3.11 Curves of K as dependent on

collector voltage.

“q\"
ted

360 |
L s
x R N lOOMc9 G.B.
S h e e e s i - . .
350 1 . R S R S
f 'S XX 1501-«&, GI:
300 +
28A2%5, I,=lnAi,
270
O“
o o\\
; el 150Mc, G.%E.
240 | O~ Ty e o e O ._,,._,V.'OS, ?, -
| e o
e
e [ I
B 100Mc, G.i.
210 A e ’ .
» @ T @ e
collgctor voltagegi;voltszwpwwﬁﬁ.

180 g 3 6 9 15

Fig. 3.12 curves of Y} as dependent cn
collector voltage.



g e XX
P ‘:::i - &_;”A]f‘OOMCSL_,G_'__EL_rA-: e F;
- &
L : 150Mc, G.B.
/ e - / "" B G 5. . <
oL 150Mc, G.E.
5 6 9 12

collector voltage (—volts)

: P
00
Fig, 3.13 Curves of /Pio as

dependent on collector

voltage,

redlize the complex conjugate matching power gain at
the input and the output are shown in Figs, 3.14 and
3.15 comparing with those of Zf} and 222 . The
complex conjugate matching is nearly obtained by
using Zfi . zf; instead ef Zg, Z; in these figures,
This is easily understood from the fact that the

termination of Zéz means the realization of POO/Pie

in this design method. In addition, though the
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terminating impedances to realize the complex conju=-
gate matching at the input and the output are obtaine
ed by the procedure &) in Section 3.5, they may be

also obtained from Egs. 5.26 and 5.31.

Now, the problem (2) of Section 3.5 is treated,
The illustration of amplifier of the input matching
for the specified load impedance Zy =840+j420(lL) is
shown in Fig. 3.16. As the source impedance to rea-
lize the input matching has the collector cuvrrent
characteristics due to that of input impedance, the
source impedances are adjusted for each collector
current to satisfy the input matching condition as
shown in Fig. 3.17. These data are not the Collecfcr
current characteristics of an amplifier designed at
certain collector current, but is the results of
amplifier designed at each collector current inde-
pendently. The measured values of Fig. 3.16 are in
accord with the designed values in each poirnt and
the justification of this design method is verified.
In addition, the power gain orf amplifier designed at
certain collector current coincides with the designed

value only at the designed point, and it usually de-

creases from the designed value at another collector
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current due to the mismatching effect at input side,
However, this mismatching effect is not so signifi-
cant and the collector current characteristics of
power gain nearly coincides with that of the design-
ed values as can be seen from the collector current
characteristics of input impedance and the family

of circles for the constant power transfer ratio of
Eq. 3.37.

The frequency characteristics of the designed
and measured values of the output tuned transistor
amplifier are shown in Fig. 3.18. The designed
values are obtained for each point after drawing the
frequency characteristics of locad admittance on the
Linvill chart, The measured values of Fig, 3.18
are obtained after the adjustment of source impedan-
ce to satisfy the input matching condition fr each
frequency. There is no trouble if the source impe-
dance with the frequency characteristics specified
from vhat of input impedance is easily realized,.

The power gain of amplifier which is designed_to.be
matched on the center frequency of the bandwidth at
the input side coincides with the designed value

only at the center frequency and it usually decrease
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from the designed value for other frequency due to

the mismatching effect at the input side, However,
the mismatching effect is not so significant and the
frequency characteristics of power gain is nearly
agreed with that of designed values as can be also
seen from the freguency characteristics of input impe-
dance and that of swecified source impedance for which
the input matching is oktained at certain freguency.
Actually, the freguency characteristics of power gain
which is cezxpected from the design method will be al-
most realized by matching the source impedance which
is determined from the antenne and its coupling cir-
cuit to the input impedance, The bandwidth of this
amplifier is also determined easily from the circles
of Bg. 3.39. The load admittance YL, (YL+H22) and
(Y; +Y,ut) corresponding to the amplifier of Fig. 3.18
are shown in Fig., 3.19, together with the circle of
cecastant power transfer ratio, At the center frequ-
ency (85Mc) the power transfer ratio is =2db. Therc-
fore, the frequency which the curve of Yi, intersectis
the circle of =5db corresponds to the bandwidth of
-3db, If the real part of Yy is decreased until the

Y1, passes the point of 0db, the pvower gain of 2d4db is
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increased at the center frequency, but the band-
width may be narrowed relatively,

Usually, the following stage of high frequency
amplifiers is the frequency converter, The power
gain G' (the ratio of input power of converter to

that of amplifier) in this case is given by

, i
G=§ , , (3.41)
Re Y¢
| +
ke Yo

where Yt is the admittance of the tuned circuit and

Y., is the sum of admittance of the ccupling circuit
and the input admittance of converter. G is the
power gain which is obtained from this design method,

Bquation 3.1 means that the total power gain de-

creases due to the loss of the tuned circuit.

3.8 Summary of Zharter TIII

The power gain chart which indicates the power
gain and stability of a linear amplifier for the
specified terminations under the condition of the
input matching is obtained as a results of general
analysis of a linear active two-port using the cir-
cuit parameters, A graphical design method of high

frequency transistor amplifiers using three kinds of
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charts including the power gain chart is reported
here as the alternative to the usual method which
suffers from the comnlex computations, INoreover, the
mismatching effect is estimated on the charts for
constant power transfer ratios and is alsc used for
the determination of the bandwidth of the tuned ampli-

fiers, By this method, the circuit designer is able

i

to design the transistor amplifiers graphically withe
out the considerations of the inside of an active
two=port, Finally, the graphical design methed is

confiimed with the experimental results,



58
CHAPTER IV NOISY COMPONENTS CF (43)
LINEAR ACTIVE TWC-FORT

4.1 Preface
The terminal voltages and currents of linear

active two-port are related with each other through
circuit parameters, The circuit parameters reveal
the performance of a two-port at the absence o7
internal noise sources, The method of measure-
ment of the circuit parameters have been esta’”'ish-
ed and they can be easily measured.

| On the other hand, the performance of a two-
rvort at the presence of internal noise sources can
be represented completely by the noisefree circuit
parameters and the noisy components, It is reported
by Rothe and Dahlke(u5) that the linear noisy two-
port can be divided into noisefree and noisy two-
ports, both of which are determined by the operating

condition of an active two-port., We have six kinds

P
EA

of representation of noisy components corresponding
to each circuit parameter as shown in Fig, 4.1.
The relations between the terminal voltages and curs=

rents containing the noisy components are expressed
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Fig. 4.1 Representations of internal

noise scurces of linear active
two-port in terms of noisy

components,

The neoisy components of two-port are described by
the set of four gquantities, that is, two auto~
correlation power spectrums, and the real and imagi-
nary parts of crecsscorrelaticon power spectrum, We
have transformation formulae belween noisy compo-
ne ts(uﬁ) 11 ; §
n Just as we have the formulae among circuit
parameters,

The circuit analysis by means of circuit para-

meters and neisy components of linear active two-
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rort is significant on the unified treatment when the
two-port has the internal noise sources. Many
papers based on this method have been presented,.

A paper which deals with the measurment cof this

neisy components, however, has not been reported,
Therefore, there is nc numerical consideration in
such rapers as to the measured noisy compcnents,

In Charter IV, the method of measurement for noisy
components cof two=port is presented and the measured

results of a transistor are given,

4,2 Transformation Formulae to Obtain the Set

cf Noisy Components

The noisy components of linear active two=-port
are described by four independent quantities, for

instance, Vf i; and the complex crosscorrelation

3

spectrum Ve (¢ inF parameter representation,
These values are used on the interpietation of noise

performance of linear active two-port, 7The quantities

5 Y — — - s - -~
A ~ L2 s2 - = ] 2 =z &
by oy BT ¥ and Vg, VY Vg™ s Vg are

measurable directly by the methed mentiened in Section

4.3, The quantities U? » 4, VU, iy and the
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crosscorrelation spectrum of each representation
can not be measured directly, In this section, the
transformation formulae between such quantities are
rresented in Table 2, By this formulae we can
obtain completely the set of noisy components for
each parameter representation, The transformation
formulae to obtain the set of ncisy components from
the noise voltage sources is given from Table 2

using the following equaticns,

=P Vs (B.7) Ly = el Vg (i4.8)

i

T&f:\&.;]a\/zi (%.9) A T (4.10)

Table ? Transformation formulae to obtain
the set of noisy components,
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4.3 Principle of Measurement of the Ncisy Components

of Linear Active Two=port

The set of noisy components of linear active
two-port represented in esach parameter are cbtained

uniquely by the calculation formulae in Section 4,2

. Y2 -2 N N , ; :
if Lo, Ly o, g and | s OT Uy 5 V3 , U, and

BN

Mg are measured, The measurement of such noise
sources are performed by current ncise socurce method

or voltage noise source method, The princirle of

measurements off??, CE s EE and E? at the unit
frequency band by comparing with standard noise
current scurce is described in this section. The
measurements of these noise current scurces are perform-
ed in the same way except the difference cf terminating
conditions,

The internal noise of measuring equipment is
expressed by the equivaient noise current source i,
as in Fig. 4.2, in which Z, is the input impedance
of the amplifier including the platekload of noise
diode. The reading My of DCiA meter due to the de-

tected current of output noise by the square law

detector is given by

— L,
Ma= P ReZn (R.11)
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where ¢ 1is a proper constant determined by the

amplifier system, {a in Eq. 4.11 can be obtained

as the noise current source supplied from the stan-

dard noise current source (noise diode) which indi-

cates the double reading 2Mp of original reading.

When the cbject toc be measured is connected to the

measuring eguipment by switch S on, the reading of

output meter becomes

/ z N ] 2y L
Mr =p{ =+ 1) Re A LT

Za% Zy

(%.12)

Then the standard noise current scurce is supplied

in order to increase the reeding until the difference

of i%T - MA] is compensated., The reading is,
I _:: = “.2— £, A Z’T
M Pl 212+ YR == :
Mp = VL, Lo * by ) €T
AT Ly

then

(4.13)

From Bgs. 4,11 through 4,13, we can cbtain the noise

current source 2

+ of the two-port, Namely,

obtained by

iﬁ is

(b.1l)

where rlus sign correspondes to DMp> My and minus

sign to MpJ M, |
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Fig. L4.2 High frequency noise equivalent
circuit at the input terminal of

measuring equipment,

4.4 ZExperimental Equipment to Measure the Noisy

Components of a Linear Active Two-port

The experimental equipment which has been design-

ed by author in order to measure the two-port noise

o]

f transistor at VHF band according to the principle
described in Section 4.3 is presented here, with the
measuring procedure and some notes on the actual’
measurement,

The blackdiagram of equipment is shown in TFig,

4.,3. The quantities to be measured are the noise

2

current sources K’ and ED y and the impedances Zy

3

and Zp , from which (? is calculated by Eq. 4.14,

2
T
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Much attentions must be paid in arranging the mount

of transistor and the low noise preaﬁplifier attach-
ing the standard noise diode in order to follow the
principle described in previous section at VHF band,
And they must be assembled in the manner that Zp and
Zr are easily measured. The detail circuit diagram

of this part is shown is Fig. 4.4, The open and short
circuit conditions of transistor tcrminals are per-
formed with the adjustable air line of Transfer and
Immittance Function Meter (TIF meter) of General Ridio
and the bias voltages are applied to trnsistor in its
mount through the air line with low pass filter of

TIF meter, The impedances Z, and Zp are measured by
TIF meter. At impedance measurement, the effect of
lead line near the switch circuit must be compensated
and the high frequency by-pass condencer must be

selected carefully. In. order to measure accurately,

T2
A

ot

the preamplifier must be adjusted so that mus

be small value comparing with the noise source Uy

The cascoile connectien constructed with avaiiable l&w
noise vacuum tube is aprlied to the preamplifier,

The noise figure of field intensity meter (main

amplifier) is 13db at 70Mc and the total noise figure
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improved by well adjusted preamplifer is 8db.  The

output noise at the intermediate frequency stage of
field intensity meter is monitored by the 204A meter
through the square law detector., As the power gain
of preamplifier is about 13db and the gain of field
ihtensity meter and amplifier attached to defector
are fairly high, the detected current can be measur-

ed satisfactorily by a 20MA meter,

S )
!_ﬂm.two—port-ma\\w— low field | square ~.ﬁ£
A under | noise intensity | law zjﬁ
ot test S i - - - oot
_vest 17 {ripre-amp [T7 meter I"TTdetector
mA—““tstandardk“;“J
§§iiﬂ noise -
i osource !
LBRunrte o

Fig. 4.3  Block diagram of experimental
equipment to measure the inter-

nal noise sources of linear
active two-port.
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Fig. 4.4 Circuit diagram of low noise
preamplifier,

The rrocedures cf measurement are as follows:

1) Turn off the switch S and read t¢he plate
current I; of standard noise diode by warming its‘
heater so that the original reading of detecied

current is doubled, then we have

EE—_QQ’[AQS- (4.15)
2) Pe sure tc satisfy the terminating condi-
tion, Read both the ocutput reading lp when § is

off and M1 when S is on. Add the standard noise
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diode current Ip to be compensated the difference

h S

'MT - Mpj » then we have

L-D = 2e IDQ§ . (15'.15)

3) Measure the input impedance Zp of the pre=-
amplifier and Zp of two-port by TIF meter under

the specified terminating condition,

) Calculate the equivalent noise current
source of the two=port from Eq. 4.14 using the mea-

sured results in the above procedures,

b,5 Two-port Noise of Transistor
The equivalent circuit of high frequency trane

sistor including the internal noise sources is given

' (24)-(26)

by van der Ziel and each noise so01

C u

rce

e

=
specified.

The two=-port noisc of transistor can be obtain-
ed theoretically from the equivalent circuit of wvan
der Ziel as follow;

- 3 Mo 1> T3 H, % .
= w h ~2Ke *TL tw Vi (b.17)
i N

Hz,y
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(4.19)

(%.21)

(h.22)

(b.23)

(4.24)

(%.25)

The measured two-port current ncise sources of junc-

tion trausistor are shown in Fig, U, 5, These values

are nearly equal to the theoreltical values given

from the equivalent circuit of van der Ziel.

The
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equivalent noise resistance (%)

equivalent noise resistance (ki)
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Fig. 4.5 Two-port noise sources of transistor,

as dependent on cellector current,
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Adifference between them is caused by the difference
between the actual transistor and the ideal tran-
sistor. When we want to use the set of noisy compo=-
nents of two—ﬁort, we had better use the measured
values of actual two-port as we do when we use the
circuit parameters, The sets of noisy components of
junction transistor represented in F parameter are
obtained by the transformation formulae from the
measured noise current sources, which are shown in
Tig, 4.6 and 4,7,in which the dependence of the noise
current sourcec on the collector current and voltage

is illustrated,

4,6 Summary of Chapter IV

The set of noisy components of linear active
two-port can be measured directly by the comparison
method with the standard noise source, The trans-
formation formulae tc obtain the set of no.sy compo-
nents from the short circuit noise cuvrrent is intro-
duced, from which we can calculate theiset of noisy
componenvs after the measurement of the shcort circuit
neise current sources,

The two-port noises of junction transistor have
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Fig. #.7 The set of noisy components of
junction transistor represented

in F parameter, as dependent on

collect voltage,.

been measured by this method and the results of this
measurements can be used focr the estimatiorn and the

design of low noise amplifier as shown in Section

5.11-
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CHAPTER V EXCHANGEAPLE POWER GAIN

AND EXCHANGEAPLE NOISE
weasurgl %)« (#7), (48)
5.1 Preface
It is desirable to have high gain and low noise
in an active two-port subject to a small signal,
For each linear aﬁtive two-port, there are the
values of invariant power gain and noise measure
for lossless transformation whichﬁﬁeterﬁine the
character of performance of the two-port, It is an
important problem to know those invariant values
and to realize them on the designing of an ampli-
fier, 1In this chapter, the author carrys out the
theoretical considerations on the exchangeable power
gain G, and the exchangeable noise measure }g which
(9)=(1l+}

has been defined by Haus and Adler in

Fe =1

- 2%,

as the criterion to estimate the ncise performance

(5.1)

M, =

of linwar active two-purt instead of the exchange-
able noise figure Fe, with regard to,
- 1) the determinations of optimum values of the

exchangeable power gain and noise measure, and their
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realizations,

2) the determination and realization of the
exchangeable power gain (or noise measure) when
thé exchangeable noise measure (or power gain) is
optimum,

3) the realization of specified operating point
below the optimum values,

4) the approximation method when the exchange-
able power gain is large,
The noise measure has the common term with the
iterative noise figufe of Namekawa,(ug) and it
differs considerably frem the conventional noise
figure at the low gain stage of an amplifier,
Mgy approaches Fe-1 when Gg becomes la;ge.
The stétionary problem of the exchangeable neoise
measure has been solved by Haus and Adler, However,
it is necessary to attract attentien tc power gain
as well as noise when we treat Ehe active two—port;
The author have obtained the stationary values cof
the exchangeable power gain from the eigenvalue of
the characteristic gain matrix, and have applied thse

same argument to the exchangeable excess noise figure



which is useful at high gain stage of amplifier, 79

The families of circles for constant exchangeable
power gain, noisec measure and noise figure are
introduced, by which we can know the distributions
of Gy, Mg and Fo graphically on the source impedance
plane. Therefore, this chapter deals with the
analysis and design theory with regard to the un-
solved problems of the exchangeable power gain and
noise measure,

Though there is a consideration for the contri-
bution from the noise originating in, and reflected
back to, the 1oad,(16) only the sffect of mismatch-
ing at the input side of an amplifier is considered

here from the standpoint of Haus and Adler,.

5.2 Eigenvalue Problem of Exchangeable Tower
cagn' ¥7) . (48)

The eigenvalue problem of the exchangeable
power gain is described here, and it is shown that
this method is similar to that of the exchangeablc
noise measure, |

The exchangeable power gain is the ratio of

the exchangeable power at the output of two~-port to
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that of source and is expressed by the ratio of
Hermitian form, The statienary values of the ratio
of Hermitian form are, if they are existent, obtained
-as the eigenvalues of proper operator by use of the
Lagrange's multiplier method.(lu) - We shall hereafter
name the operator for Gg as the characterist.icr gain

matrix§ and define it by

- : P |
r=(FPF) P, (5.2)

where F (‘\ )

and + means the Hermitian conjugate.
-t ,
If det (F PF ) is not equal to zero,| is 2x2
e p
matrix for a two-port. The case of det (FFPEF") =0
will be considered in Section 5.4. Let O denotes

the eigenvalue of [, then we have

Fy =dy (5.4)
where y = S( 1:()‘ s:constant (5.5)
z

Yy is the eigenvector corresponding to the eigen-

value &4 . From Eq. 5.4, eigenvalues are obtained as

o = Th + Taz ’—‘:,\th + Ez)z‘ti'(nrn‘\:z 20D
. 2

1(5.6)

where [1ij (i,j = 1,2) are the (i,j) components of [,

The source impedances to realize oA are obtained from

* _,;vz = d — Tu - 2 '
Zs Ja \).)d = N (5.7)
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as the ratio of the components of the eigenvector

corresponding to ok,

If the linear active two-port is not potential-
ly unstable, the above mentioned eigenvalue of
characteristic gain matrix is the well known com-
plex conjugate matching power:gain, and the source
impedance to realize the complex conjugate matching
power gain is obtained from the ratio of the compo-
nents of eigenvector corresponding to the eigen-
value. 7These two arguments will be proved in
Section 5.5. If the two-port is potentially un-~
stabie, the eigenvalue of characteristic gain matrix
is net the real number, and the exchangeable power
gain has not the staticnary value. Therefcre, in
this case we can not realize the complex conjugate
matching, The two-port of pctential unstability
means the two-port which the stable amplifier can
be designed by using the suitable terminations,

The problem concerning t¢ the selection of termi-
nations has been discussed in Chapter TIII.

On che other hand, the exchangable ncise

measure is also the ratio of Hermitian form, Haus

and Adler named the operator for Mg as the charac-
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teristic noise matrix.,and shown that the eigenvalue

of the characteristic noise matrix is the stationary
value of Mg and the source impedance to realize Mg
is the ratio of the components of the eigenvector,
Therefore, the analytical method for Me of Haus and
Adler has been applied for Ge by author and it will
also be applied for the exchangeable excess ncise
figure as shown in Section 5,10, They are able to

be solved by the similar method,

5.3 Relation between Exchangeable Power Gain and
Exchangeable Noise Measure(SO)
The relation between exchangeable power gain

and the exchangeable noise measure is considered

here, TFor notational simplicity in the following,

lot 6 = ReF, Fi
b = Re R F 4
C o= 0= dsg (5.8)
d = 2(F R +FaFrY
V=4 R Ta$ 3 (5.9)

e =4 RT Al (T +30)

where k is the Boltzmann constant, T is the absolute
temperature and 4] is the equivalent bandwidth,

The inverse of real part of d in Eq. 5.8 is the
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complex conjugate matching power gain when the
linear active two-port is reduced to unilateral by
lossless reciprocal transformation, In this case,
¢ and 4 are the invariants of this tweo-port for the
lessless imbedding,

When the circuit parameter and the ccmponents

of noise vecter are used, Gg and g become

6‘ _ PE Zs
P - (5.10)

e

\
biz.d +RdtZg + O

M - | Zs ! + 2R (ﬁ“ﬂﬁlzgi-gﬁ ‘ (5.11)
T ARz

These egquations are combined with the source im-

Fze - a

3 el

pedance and give the gain and noise measure for
an arbitrary socurce impedance,

After writing down in detail the components
of the characteristic gain and noisc matrices,

we obtain

Red tl(Redd] -4ldetES

o = (5.12)
2 det FV®
[T-3p) F ¥ 2 )
o o BT Rl ok i Recln ol 4 (B 7 i0) o
107 - 4ab
Similary wehave
< i <
Yy = J Imd +”R@d~>“4’mﬁg‘ (5.1%)

<.
S U 4b



sS4 "
— - . < { - .. Y N Y
7 (g -bB uImmu/\)ijw\i B+ R (MINHief-4ab) (BE - A%) (5.15)

55 QLT riA)r e T

The stationary valuesd , )\ of Gg, Mg are the
invariants of a given two-port and used as a stand-
ard for the comparison of active two-port, The
realizations of & and )\ are possible by connections
of the sources with the internal impedances deter-
mined by Z:)& and Z;{)) . As Z;)& are usually
complex values different from ZZ;)X, the amplifier
which realize o and ) simultaneously by use of the
given two-port may not be designed, At the design
of amplifier, we may cheose ei@her;i or A , depending
on we pay our relative attention tec the gain or
noise characteristics,respectively,.

In order to design an cptimum amplifier using the
‘given liinear active two-port, it is better to keep
s%he noise measure at the optimum (lowest positive
v?lﬁe) and cennect it cune by ene, because the power
géin can be considerably increased with multistage;
namely make the source impedance énd the cutput im-
pedance of the first stage to be.Zih\and connect it
to the second stage, The wvalues of Ge when Me is

stationary can be calculated by substituting Eq.5.13
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inte Eq.5.10., If this wvalue of Ge is larger than

unity, the exchangeable power gain can be made
fairly large by the above mentioned multistage, In
this case, it is known that Mg does not descrease
from the optimum value of unit stagé. In addition,
the values of Mg when Gg is stationary can be calcu-
lated by putting Eg. 5.14 into Eq. 5.11.

The active two-port with a large positive
and a small positive A is desirable for the design
of an amplifier with regard te Ge and M, , when
Zs corresponding to those values are adjacent and

easily realized,

5.4 Singular Cases of Characteristic Matrices

The characteristic gain matrix is singular for
nomAzedpad cat

W

unilateral two-port. A giveua'two-port can be re-
duced.to the two-port with singular I , because ;g;
two-port can be reduced to the unilateral by loss-
less reciprocal transformation, For the unilateral
two-port or the reduced unilateral two-port by loss-
less reclilprocal Imbedding, the stationary value of

the. exchangeable power gain dm and the source im-

pedance to realize it are given by solving
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Py =L (EPF')y (5.15)

under the condition of detF:O as
b
dv = B .17
B d (5.17)

¥ oo_ B Fa (5.18)
ZS )dﬁ Fz; Flz
d, coincides with the unilateral gain given by Eq.

2,6 at detF =0,
The characteristic noise matrix of a two-port

with the F parameter as

\ ! ¥

1z, '10),(‘”’1\,‘0 1Y (5.19)
0O 17/ Y 1 1 0 v 1 V.

is singular. In these cases, the stationary value

of noise measure )\, and the source impedance to

realize it are given by solving

38 _ = (P-FPEDy

2 RT § (5.20)
where {g = ( p‘:
_ N OLF S/ .
under the condition of det (P-FPF )=0 as
T+A - 8% |
M= TR 5.21
Mo” 0L +hE + Rec (TT-310) ( )
- AT A +bE 4+ B Rec (1 -51) _(5.22)

S B = T )
* GE FBBY(T +3n) ¢ BT ¥ AN
When the denominator of Eq. 5.21 is zero, there is

no stationary value, The amplifiers with negative
resistance are included in this case and the ex-

changeable noise measure of negative resistance



8
- P (15) 7
RTe§

where?% is the exchangeable power of negative

amplifiers is known to be a constant,

resistance.

5.5 Complex Conjugate Matching(jl)
Théugh the concept of complex conjugate match.

ing power gain is well knewn, we will discuss the

complex éonjugate matching at the input and the

output of an amplifier in order to understand the

physical meaning of the statiomary gain which has

been obtained in Section 5.2. The power gain

Gmavch and the input inpedance Zin under the condi-

tions of

*
Zs¢ = Zin (5.23)
Zo= 20 (5.24)
are given by
‘ZZI\"ZA pez?;

(5.25)

G = -
Tematch [Znv P-j07 ReZ,

SR 23 10 2y T 20 Z)sl2R 2R 2R 2] 122 2,1 (5-26)

Z\j‘y’\ =
2 Re 2y,
where . .
1} (29& Zn pezzz‘ Re 21222() “} 2,222&“
P - _l Q@ Z ( 5 . 27 )
: <y
0y 2Ke 2y, TnZsa - 1202 23 i (5.28)

2 ReZ,
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The ol in Eq. 5.12 is related to Gmatch in Eq.

5.25 by

fmateh = o (5.29)
and there is a relation between Zn of Eq. 5.26 and
>¥), of Baq. 5.1k as |

Zin=Z8 ) . (5.30)
Therefore, it is clarified that the stationary values
of the exchangeable power galn given by the eigen-
values of characteristic gain matrizx in Section 5.2
are the complex conjugate matching power gain and
that Zq); are the source impedances which realize them,
This is also true for an unilateral two-port, Here,
the loads in the case of complex conjugate matching
at the input and the output side of an amplifier are

given in

D7 T o T 7\‘“')1)“;(}7 Dy Y -
2 i< Kezailr:‘\é-ll Am 411242;)*“\4“?!.“&\'(122 \\@L,gé;‘f;}"sz,z EEY (5 31)
L ] - -
2 Q:‘. Zu

The double signs in Egs. 5.6, 5.12, 5.14, 5.25 and
5.31 are effective in same order.

Applying the similar consideration to the noise
measure, we can refer the realization of The optimum
Me as the complex conjugate matching of noise

(51)

measure,
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5,6 Characteristics of Exchangeable Power G- in
In order to know the characteristics of the

exchangeable power gain when the source impecance

is varied, we have

G = o P;d T (5.32)
e LY ™ - i
bv%* 4—b)+<xs+<kb) real

by putting Zg=HRs+ jXs into Eq. 5.10. The locus for
the egquation which is obtained making the denomi-
nator of Bq. 5.32 zero becomes a circle cn the source
impedance plane, if the equation is for bilateral
two-port and namely the characteristic gain matrix

is not singular, where

§ "
radius; ~4%§%$ﬁ- (5.33)
’ Re d. (5.34)
| Re=- S5
center; /
1 Xs =~ {;"b‘* - (5.35)

The radius for unilateral two-port is zero and the

circle is reduced to a point,

This circle does not intersects the Xg axis when
2ldetfFl< |Red| which corresponds to |K|<1 in Section

3.5, that is, whern the linear acisive two=-port is not
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potentially unstable, and intersects the Xg axis
when the two-port is potentially unstable which cor-
responds to|K|{>{ . WhenlIK{={ , the circle is
tangent to the Xg axis,

Table 3 shows the sign of Gg in Eq. 5.32.
Go represents a surface whosc height is Pniquely
determined by Eq. 5.32 for each point in the source
impedance plane, Thus a curve of Gg can be drawn
after drawing the above mentioned circle and fixing
Rs or Xg on arbitrary value,

Table 3 Signs of Gg and Mg .

" + ?
o i _ ' .;. g i
_ - - - R —7“ **:f’ e .‘é‘-, -
Ce inside the circle ST B R s R
on the circle rcle
outside the circle T - L - ; 5
aet(P-FFF) — +
Me inside the circle I i _
H -
- 3 ™
on the cirecle pole
: A (or pole)
outside the circle .
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5.7 Family of Circles for Constant Exchangeable

(34),(38),(47),(148),(52)

Power Gain

In order to know the distribution of the ex-
changeable power gain on the source impedance plane,

we have

2 ,‘2 » .

( S20 dv Geldet Fl-GoRed +1  (5.36)

\R 4b\RJk 6;> Xgﬁ ) s
b 4‘b G(:_t

for a fixed values of Gg. The locus of Eq. 5.36

shows the family of circles for constant G on the

source impedance plane when the right hand side of

Eg. 5.36 is positive, where

| 621det BT~ G Red + 1

radii; . (5.37)
21 b,
[ ! Ked
sf = — - bt (5-38)
| Rs 2G. b 4b
centers~1
;'\)( IVﬂGlL (
\ S 4».b 5-39)

Eqs. 5.37, 5.38 and 5.39 are reduced to Egs., 5.33
5.3% and 5,35 respectively when Gy approachkes
infinity, The center moves in parallel with Rg

axis as Gg varies,

The ranges of Gg are specified by the condi-

tion that the right hand side of Eq, 5.36 be non-
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negative as in Table 4, In this table, detfF *0

is the case of bilateral two-port and det F=0 is
that of unilateral two-port. [Red > 2 |detF | is
the case of | >|K| , that is not potentially un-

ble, [Red| < 2|detF | is case of | < [K| , that is

the case of potentially unstable, as described in

sta

Section 3.5. When Red >0 for the unilateral two-
port, the real part of input and output immiftances
are both positive or negative, and when Red< 0, one
of them is positive and the other is negative,

The deg » oy and oy (o, >ol, ) of Table ¥ are
the solutions of equation which is obtained by
making the right hand side of Eq. 5.36 zero, and ol
coincides with the stationary value of Egq, 5.17 and
» cky coincide with the eigenvalues of Eq. 5.12.
At the stationary values o, , o, and o, of Gg , the
radius of circle for constant Ge is reduced to zero,
When the two-port is bilateral Rg corresponding to
of, and o, are located symmetrically with respect

to Xg axis,and when it is unilateral Rg to o, and
thelpole of Gg are also located symmetrically with
respect to xj axis, and the center of circle for

constant Gg 1s not existent between them respec-
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tivelly.

Through these considerations;”the family of
circles for constant exchangeable power gain on the
complex source impedance plane and its cross section
for a given linear active two-port can be drawn as
illustrated in ¥ig. 5.1. At the design of an ampli-
fier, it is convenient tc select the input circuit

according to the chart.

Tabel 4 Ranges of Gg and Mg .

Hed| » 2idet Gera, 4 30
s : TR ETE
detf== O . . re my take
: fed 4 2idetE ! fre my tape
o A » Al +the values.
. , ues
. Red »0 A, 2 e
deth = O ! o
Red< © e 2 o,
det (P-FFP) <0 Mg 2, . >, D lig
LaT 4+ bT 4 Rec T )}
R e A, 2 Ne 2 A
S -4an) (i -3y 0 ’
e o~ ) N - ’
det (-FF) >0 ( ;
le 1% +bE + Re o {71 30 ? : TReres no
04 (T - | vabue of M.
o AP +bF +Kea (D~ >0 A = Me
det (F-FPF) =0
GP+b T 1R (N -jA)CH | Me 2 A,




9L

at

{detF = o
(o) {5
Rod > o :

cross section o

at Ko =4

’Qh»(
8k
e
@]
\}
I
!

Fig, 5.1 Loci of constant exchangeable

power gain and its cross section,
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5.8 Characteristics of Exchangeable Noise Measure
In order to know the characteristics of the
exchangeable noise measure when the source impedance

is varied, we have

by putting 78 =RS + XS into Eg., 5.3i1. If the
sign of

det (P-FPFO=21¢"+ 4ab (5.41)
for a given two-port is positive, the sign of the
inside of the bracket in Eg. 5,40 is always positive,
and the noise measure is not infinite and the power
gain is not larger than unity for the scurce impe=
dance outside the circle of infinity Ge. When the
sign of Eg. 5.41 is negative, the locus for the
equation which is obtained making the denominator
of Eq. 5.40 zerc makes a circle on the source impe~-

“ance plane, where

fe® —4ab |
radius; 2l (5.42)
( png_?i‘?_ A (5.43)

2b
center; I (5.4
| roeme o)
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If the two-port includes negative resistances or is

composed of one element, that is det(P-FPF’ )=0,

the radius of above circle is zero,

This circle does not intersect the Xg axis when

j?FTiZEE'< | Red | which corresponds to [K|< ] in

Section 3.5, that is, when the linear active two-
f ReHu>o

port is not potentially ﬁEEZEEEEC’and intersects

the Xs axis when the two-port is potentially un-

stable which corresponds to |K|>{ . When |K|=1 ,

the circle is tangent to the Xg axis,

From Eq, 5.40 we have

)

Me ot RR=X=0  q (5.545)
(5.46)
bm Mg = fim Me X
Ks->teo Xg Stk b
On the other hand, if V. has not a complete corre-
lation with 1F , that is
12 A2 :
SF ST+ A%, (5.47)
the numerator of Eq. 5.40 has a positive value,
Table 3 shows the sign of I, in Eg., 5.40,
Mg represents a surface whose height is vniguely
determined by Eq. 5.40 for each point in the source
impedance plane, 7Thus a curve of Mg cain Le drawn

after drawing the above mentioned circle and fizx-
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ing Rg or Xg on arbitrary value.

5.9 Family of Circles for Constant Exchangeable

(34),(38),(47),(48),(52)

Noise Measure

In order to know the distribution of the ex-
changeatle noise measure on the source impedance

plarie, we have

—

-2 -2 e
: BN e BT - 4AD
(Rs + :}X) +(\<J+-§—A' = A (5.48)
Fian

for a fixed value of Mg , where

A= ¥ 'frﬂe§> }

B = 2T - M Rec tm

C = 2A - Me Im¢ | (5.49)
D=@ + Me @ /}

The locus of Eq. 5.48 shows the family c¢f circles
for constant !y on the source impedance rlane when

the right hand side of Zq. 5.48 is positive, where

T o
radii; kg s +AD (5.50)
21A]

([ R = MeRec-2m (5.51)
b 2(Me b+ &)

centers:{

‘ _Melnc-2A
NIV
2(Meb +¥)

(3.52)
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" Egs. 5.50, 5.51 and 5,52 are reduced to Egs. 5.42,

5.3 and 5,44 respectively when g approaches infini-
ty. The locus of the centers as Mg varies is given

from Egs. 5.51 and 5.52 as

R (BTt 2AD)~Xs (F Rec ¥ 2M b)Y+ T Ine -~ ARec =0 . (5. 53)
The locus of infinity Me specified by Eq. 5.46 is
a line on the source impedance plane given by

Rs (TRt H X (FF Tnc 20+ & - aF =o0. (5.54)
Zguation 5.53 is orthogonal to Bq. 5.534 and the
cross point is the center point of the two ., which
are given in EBq. 5.15.

The ranges of Me are specified by the condition

that the right hand side of ZEq. 5.48 be non-negative

as in Table 4, 1In this table, det(P~-FPF )%0 is

. . . . .
the nonsingular case of characteristic noise matrizx

[

and det(P ~FPFT).= 0 is the singular case of it,
The negative resistance amplifiers are included in

the later case if Al + bP + Rec(ll-jA)=0 .
The My of negative resistance amplifiers is a cons-

tant, »~——£§—~m as obtained from EBg. 5.11, which
RTaf |

does not depend on the particular source impedance.

. . . 1
This results is agreed with the report of Penfield( 52
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which is the special case of this theory.

The N, ), and A (A, >A,) of Tablé 44re the solu-
tions of equation which is. obtained by making the
right hand side of Eq. 5.48 zero, and A,coincides
with the stationary value of Eg. 5.21 and 7, , s
cecincides with the eigenvalues of Eg. 5.13. At the
stationary values of A,, K, and A\,of M,, the radius
of the circles for constant M, is reduced to zero.
Then the characteristic noise matrix is not singular
-y corresponding to)and A, are located symmetrical-
1y with respect to the line of Eg. 5.54 and when the
two-port incluvdes negative resistance or is composed
of one element Z5 to ), and the pole of Mg are also
located symmetrically with respect to Eq. 5.54 and
the center of circle for constant Me is not existent
between them respectively,

Through these consideracions, the family of
circies for constant exchangeabls noise measure on
the complex source impedance plane and its cross
section for a given linear active two-port can be
drawn as illustrated in Fig., 5.2. The circle of
unity Ge in Fig. 5.1 coincides with the circle of

infinity Mg in Fig. 5.2, and Mg is positive when



100 : : v
Ge is larger than unity feor the range of positive Rg;

this is also supposed freom the definition of Mg, There-
foré, ét the design of an amplifier with positive'Rs
it must be used the source impedance inside the cir- -

cle of unity Gg,.

(a) i~ 4abso
cross section
at Xe=l,, Z: Ja.

Jier 4k =¢ ,
(b) la Tro® v Belugho o

cross section at - X.= L

Fig. 5.7 Loci of censtant exchangeable noise
measure and its cross section,
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5.10 Exchangeable Excess Noise Figure(u7)’(48)

The noise measure approachés the excess noise
figure when the power gain becomes large. It 1is
better to use the following excess noise figure
instead of noise measure when the high gain, in
actual, larger than about 10 db is obtained,

As the exchangeable excess noise figure F is
also given by the ratio of Hermitian form, the
similar treatments as Gg and Me are applied to F,
The author define the characteristic noise figure
matrix i as

‘. 1 <+ FTE
N -_{g};{p $E (5.55)
The eigenvalues ;Jof r' can be obtained -from
Ny =Xy, (5.56)

that is,

S

N=2M*2[3F -~ (5.57)

The characteristic poise figure malrix P@'is non-
singular and ( ¥ -A*) is always positive,

The eigenvalues)( are the stationary values of F
and the source impedances to realize them are eb-

tained as the ratios‘of components of the eigen-~
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vectors for these eigenvalues by

e EEE N A (5.58)

X
The realization of the optimum value of F is the
complex conjugate matching of the exchéhgeable excess
~noise figure,

The exchangeable excess noise figure is express-

ed by .

iy my AN EE (T A
iRt = *.—Q;v - | T :
T\ T ) 7 Yiis ™ + (5.59)

(3
g

as the function of source impedance and the ccmpo-
nents of noise vector. The sign of Rg is same to that
of T because the numerator of Eq. 5.59 is non-

negative, From Eq. 5.59 we obtain

,,
)\, _.J

\“ LAY FATE+40 -3 8) (5. g0
JTTE) 4+ ¥

for a fixed vaiue'of F. The locus of Eq., 5.60 shows
the family of circles for constant Fon the source
impedance plane when the right hand side of Eq. 5.60
is positive, that is,

F o> A, A2F O (XON)  (5.61)

where radii; le? “ANME + A (MYN-29) (5.62)
. 2%
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P .- 20 (5.63)

R

centers;

>,
(724

"

]
I
l

(5.64)

’

The X\ , A, in Uneq, 5.61 coincide with the eigen-

values of Eq. 5.57. At the stationary values €

A and A; , the radius of the circles for sonstant

F is reduced to zero. Rg corresponding to A, and

A, are located symmetrically with respect to Xg axis,
Through these considerations, the family of

circles for constant exchangeable excess noise

figure and its cross section can be drawn as in

Fig. 5.3. They will be also used in the design of

amplifiers,

cross sectien

at XS: —_._{.\_...

RN e T e

Fig. 5.3 Loci of constant exchangeable excess

noise figure and its cross section,
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5.11 Application to Transistor Amplifiers

In this section the previously mentioned
generai theory is applied to the high frequency
transistor amplifiers, At the design of low noise
amplifiers using the given transistor, we need to
know the available limit of power gain and noise
measure (or noise figure), and their realization
methods.,

The transistor 25A235 is used here in grounded
base ceonfiguration at 70Mc, VC=-6 volts. The maximum
rower gains and the source impedances to realize them
by the use of this transistor at 100 Mc are shown in
Section 3.7. As the maximum power gain of the tran-
sistor at 100 Mc is sufficiently high (Ckl=lhdb at
Vyo=-5 volts, I.=?wA, G.B.), we had better, in this
case, usc the exchangeable noise figure as the cri-
terion to estimate the noise performance of the
amplifier, The curves of the cptimum values of ex-
changeable excess ncise figure and the source impe-
dances to realize them, calculated from the measured
circuit parameters and the set of noisy components

given in Section 4.5 are shown in Figs. 5.4 and 5,5,
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The curve of exchangeable noise figufe of the ampli-
fier optimized at I, =2mA is also shown in Fig, 5.4,
together with the curve of available 1limit (optimum

value) of noise figure calculated from the curve of

’

A

. As the experimental results of the exchangeable
power gain is fairly high (18.6d4b) when the noise
figure is optimized, the exchangeable noise figure
shewn in Fig. 5.6 is significant on the evaluation
of this transistor amplifier. The available 1imit

of noise figure at I,=2mA, V,=-6 volts is 7.49 (db),
wvhich can be realized by using the source impedance
of 84-313 ({2). The experimental results of F_, of
the émplifier which has the source impedance to optic
mize at IC=2mA is 7.9 (db). This value almost agrees
with the theoretical available 1imit, ‘The numerical
values mentioned here are only the examples. Some
difference among the samples of transistor are recog-

nized in the series of experiments,

5.12 Summary of Chapter V
The theoretical considerations on the exchange-
able power gain and nocise measure of linear active

two~port by use of circuit parameters and its appli-
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cation to transistor amplifiers are described in this

chapter, The determination of stationary values of
exchangeable power gain and their realization method
using the eigenvalues and eigenvectors of the charac~-
teristic gain matrix which is defined in this chapter
are presented, These stationary values agree with

the well known complex conjugate matching power gain,
Then, it is pointed cut that there is the formal
similarity between the soclution of exchangeable power
gain and that of the exchangeable noise measure of
Haus and A2ler, It is clarified that the character-
istic gain matrix is singular for the unilateral twé—
port, TFinally, by introducing the families of circles
for constant exchangeable power gain and noise measur<
on the source impedance plane, the theory for the
estimation of gain and noise performance in a general
linear amplifier and for the designing its input cir-
cuit is developed from the view point of Leeping the
noise measure optimum, The abcve mentioned analytical
method is also applied for the exchangeable excess

noise figure.
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CHAPFER VI  CONCLUSION

After the investigations on the power gain and
noise performance of linear active two-port by use
of the circuit parameters, the following conclu-
sions have been obtained,

1) The unilateral gain of Mason is represented
in terms of Y,H,G,F and T parameters, It is alse
shown that the unilateral gain of transistor unit is
an invariant with regard to its grounding methods
after the comparison with the calculated results
using the equivalent circuit, A kind of lossless
transformation matrix for each permutation of ground-
ing methed is given, The calculated values of
unilateral gain of transistor from its measured
H parameters are shown in several operating conditions,

2) The invut and output immittance chart with
which it is able to find out graphically the in-
put {(er output) immittance, for the specified load
(or source) immittance, and the load (or source)
immittance for the specified input (or output)
immittance is presented, This chart may be used

more generally than the chart of Linvill,
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3) There is the potentiality of designing the

stable amplifier outside the Linvill chart when
ReHpp < 0 , which may result by use of the heavily
positive feedback, The Linvill chart is extended
toward the region of GyReH,5< 0 in order to
generalize the design theory for alli potential cases.
4) The pecwer gain chart used with the extended
Linvill chart is develoved,  The circuit designer
is able to realize the maximum power gair of a given
twe-port, and to find the stable region of an ampli-
fier for the specified terminations and the power
gain in this stable region from this chart. The
change of the power gain and stability due to the
change of operating peint is conveniently illustrat-
ed in this chart,
5) The graphical design methed of high frequen-
cy transistor amplifiers, which does not depend on
a particular equivalent circuit, is propesed based
on the analysis of linear active twe-pert by means
of the power gain chart, and the justification of
this method is verified experimentally by considering

the actual designs at VHF band,
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6) The families of circles for constant power

transfer ratio at the input and output of amplifier
is introduced. These families of circles may be
used on the estimation of mismatching effect of
amplifiers and on the determinaticen of bandwidth

of tuned amplifiers if the changes of some of Zg,
Zins Yguts @and Yy are not significant inside the
bandwidth..

7) The relations between several noisy com-
ponents in terms of peower spectrum are formulated,
These formulae are used in order to transform the
two-port noise sources each other or tc measure the
set of them,

8) Though the two-port noise sources have been
often used in the noise analysis of amplifier, we
have no general measuring method except for the 1§w
frequency vacuum tube, The method to measure the
two-port neise sources is developed here and the
two-port noise of transistor is measured by this
method, with the agreement to the values calculated
froem the theory ef van der Ziel,

9) The eigenvalue of characteristic gain matrix

which is defined in this thesis is the cemplex conju-
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gate matching power gain of linear active two-port

and the source impedance to realize it, is determined
by the ratio of the components of its eigenvector.
Moreover, it is pointed out that the stationary values
and the source impedances to realize them can be ob-
tained by the similar method for the exchangeable
yower gain, noise measure and noise figure, because
they are expressed in the ratios of Hermitian form.

10) The loci of infinite exchangeable power gain
and noise measure are the circles en the scurce impe-
dance plane. As the circle of infinite exchangeable
noise measure coincides with the locus (circle) of
unity exchangeable rower gain, the source impedances
inside the circle that give the larger exchangeable
power gain and the smaller exchangeable noise measure,
must be used at the desigr of an amplifier with the
rositive source resistance,

11) The loci of constant exchangeable power gain,
noise measure and noise figure form the families of
circles on the source impedance plane, After drawing
the families of circles and their crocss sections feor
a given linear active two~port, one can readily use

them for the estimation of amplifier gain and neise
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performances or for the designing of amplifier in-

rut circuit,

12) The loci of the centers of circles for
constant exchangeable power gain and neise measure
are the straight lines., The fqrmer is parallel with
the feal axis of source impedance plane and the latter
has a gradient‘to it, If the source impedance should
be changed, it is preferable to move toward the pro-
rer direction along these straight lines, so that the
resulting decreases of power gain and noise measure

are not so significant,
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