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ABSTRACT

This project has concerned itself with the theore-
tical and experimental investigation into the electrical be-
haviour of tunnel-diodes mounted in rectangular waveguides.
Attention is focussed mainly on the methods of achieving
stable, broadband amplification of microwave signals from
one tunnel-diode.

Two theoretical chapters deriving and discussing
the stability of a negative resistance device such as the
tunnel-diode are presented. One deals with stability analy-
sis in the immittance planes, discussing, in particular, the
effecté%%reating the tunnel-diode's package capacitance as
part of its equivalent circuit. The other deals with sta-
bilityvanalysis in the reflection ccefficient plane or Smith
chart. The graphical Nyquist approach to stability is used
throughout. It is shown that for reflection amplifiers,
the gain and stability can be simultaneously predicted from
a Smith chart plot of the amplifier's immittance,

Two experimental amplifiers utilizing S-band rectan-
gular waveguide were designed. A full account of their
theoretical and experimental behaviour is presented. In
both cases the tunnel-diode is centrally mounted in a reduced
height waveguide section. The computer optimization techni-
que used in the design of the coaxial-line band-rejection
filter for stabilizing in the second amplifier is described
in some detail. The first amplifier worked substantially
in accordance with theory. The second failed to operate
satisfactorily, which is attributed to the critical dependence
of the series inductance of the tunnel-diode on its mounting
configuration ~ an effect which was not appreciated during

the design stage.
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PRINCIPAL SYMBOLS

N.B. Lower case symbols shown together with capitals repre-

sent normalized quantities.

a broad dimension of rectangular waveguide

b height of rectangular waveguide

b,B susceptance

b! height of section containing inductive iris

B bandwidth

B susceptance due to junction capacitance of TD

B, see fig. 6.13 (a)

Bp egquivalent parallel susceptance of series circuit
c velocity of light

C capacitance

C junction capacitance of TD

C1 package capacitance of TD

C149 specifications for stabilizing networlXx of TDA 2 in ohms
Ci' right hand side of (3.26)

d distance

d height of radial-line

d aperture of inductive iris

D denominator

£ frequency

fC cut-off frequency of rectangular waveguide

fo resonant or centre freguency

fR,X resistive, reactive cut-off frequency of TD

f1*6 test frequencies for stabilizing network of TDA 2
g,G conductance

G magnitude of negative conductance of TD

G power gain

GP equivalent parallel conductance of series circuit
H immittance

H0 characteristic immittance of transmission-line

J J=1
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ZO’ZO

z
1,2,3

12
length of transmission-line
inductance
series inductance of TD
normalized scale of Smith chart
numerator
= g + jw, complex frequency
location of poles in RH p-plane
number of RH p-plane poles
= jQ, complex frequency variable for transmission-line
resistance
series resistance of TD
outer radius of radial-line
inner, outer radius of coaxial-line
magnitude of negative resistance of TD
bias resistance
minimum magnitude of negative resistance of TD
equivalent series resistance of parallel circuit
d.c. resistance
value of VSWR
transmission coefficient
defined by (6.2)
reactance
equivalent series reactance of parallel circuit
admittance
characteristic admittance of transmission-line
defined by (6.8)
= 1/ZD
= G, + JB,.; see fig. 6.13 (a)
= G.. + JB 5 see fig. 6.13 (a)
see fig. 3.5 (d)
distance along transmission-line
impedance
characteristic impedance of transmission-line

location of zeros in RH p-plane



Z number of RH p-plane zeros

Za,p active, passive impedance

Zy TD impedance (C1 not included)

Zfs wave impedance of free space

Zr£ input impedance to radial-line

22 see fig. 3.5 (d)

z,' = Z, + 1/Y1'

B = 2w;/A

0 = B

8 angle

A wavelength, free space wavelength

kg wavelength in rectangular waveguide

Kgo Kg at £,

KO A at £,

o} active or passive voltage reflection coefficient

o! transformed voltage reflection coefficient for active
p

p" another transformed voltage reflection coefflficient
for active p

Pre reflection coefficient of reflection amplifier
(TDA 2)

w = 2nf, real frequency

Wy = ZEfO

wa,wb,wR' see fig. 3.9

“R,x = 2nip x

Q ohms

Q = tan 0, real freguency variable for transmission-
line

SUBSCRIPTS

A of amplifier
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C of circulator

i input

i input quantity of stabilizing network of TDA 2
L load

o output

s source

sc at the input to the s.c. transmission-line
t tuning

t of inductive iris

tr of transmission amplifier (TDA 2)

T total

TD of the TD (C1 included), e.g. Zop = 1/Y1'

1,2,3,00.n of transmission-lines 1,2,3 ...n for transmission-

line quantities

ABBREVIATIONS

cw clockwise

CcCv counterclockwise

d.c. direct current

LH left half

O.Co. open-circuit

RH right half

SaCo short-circuit

SWD standing wave detector
TD tunnel-diode

TDA tummel-diode amplifier
TE transverse electric

VSWR voltage standing wave ratio
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If we make up an ad hoc hypothesis for every new case ...
then we shall never go beyond the present position where we

can explain everything and predict nothing.
Prof. H.J. Eysenck

introduction

1.1 BACKGROUND

The discovery of the incremental negative resistance
property of the tunnel-diode (TD) is attributed to Esaki, > who
reported the phenomenon in 1958.  He was experimenting on
very narrow, highly doped, germanium p~-n junctions when he
observed an anomalous V-TI characteristic in the forward direc-
tion. The phenomenon can be explained in terms of guantum
mechanical tunnelling..""z-5

Well over 1000 publications have dealt with the TD
and its applications, which include low noise amplifiers,
oscillators, frequency converters, memory circuits and logic
circuits. The TD's distinguishing circuit features are its
d.c. voltage controlled negative resistance, its high fre-
quency and large bandwidth capabilities, and its high switch-
ing speed.

The availability of low loss broadband circulators

has made the TD reflection amplifier an attractive commercial

*References 3 aand 4 are recommended. Chow3 has an ex-
tensive bibliography; Scanlan4 is particularly good on ampli-
fiers. Additional reading and an exhaustive bibliography is
found in reference 5.
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proposition. Typically, it would be a preamplifier mounted
on a receiving aerial. A 1965 product survey reveals that
the tunnel-diode amplifier (TDA) dominates the TD microwave
application market.

Some practical advantages of the microwave TDA are:
light weight and small size, simplicity of the associated
circuitiry, low power consumption, the fact that the TD is re-
latively unaffected by radiation or temperature changes, and
its general reliability of performance over long periods.
Resistive cut-off frequencies for microwave TDs above 30 Ge/s
are COmnor. Narrow band gains up to 20 dB, and octave band-
widths at 10 dB have been achieved. Amplifier noise figures
between 3.5 and 6 dB have been reported.

Presently foreseen disadvantages by comparison with
other microwave devices include: 1low power handling capacity
(typically a few microwatts), the problem of instability due
to the two terminal negative resistance, the decreasing noise
figures of mixers, and the increasing frequency range of tran-

sistors (which have superior noise figures at UHF).
1.2 TD SMALL SIGNAL EQUIVALENT CIRCUIT

The circuit behaviour of the TD will be considered

solely for the case when it is biased at a unigue point in

the negative resistance region of the d.c. V-1 characteristic.
See fig. 1.1. (a). To achieve this, an equivalent d.c. source
resistance less than the minimum negative resistance Rmin is
required. Its behaviour for small signals is then completely
expressed in terms of its commonly accepted equivalent circuit
(fig. 1.1 (b)). R is the magnitude of the junction negative
resistance (= 1/G) - it is the gradient of the V-1 character-

istic at the operating point. C is the junction capacitance.*

*C is a function of bias voltage given by C = Xk//(V!-V),
where k is a constant, and V' is a built-in potential of the
junction. C is generally quoted by the manufacturers at the

valley voltage - its value near Rmin is some 20% less.
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(b) equivalent circuit for small signals, (c) symbol,
(d) Mullard type 49 AAY, (e) Mullard type AEY 16.



18

r is the total series resistance, L the series inductance due
to lead and package, and 01 is the external parasitic package
capacitance. In the theory presented in this thesis, the
parameters are assumed frequency independent.* This is part-
ly justified by the TD's minute p-n junction, and its small
housing compared with the wavelengths of interest. The ter-
minals shown are, for practical purposes the only accessible
points of the equivalent circuit. (Getsinger7 has recently
considered the influence of coupling the packaged TD with its

microwave environment.)
1.3 EQUATIONS CHARACTERIZING THL TD**

A number of readily derivable equations describe the
TD and its circuit performance. The resistive cut-off fre-

quency f_ is given by

1 ,R
fR = STRC F - 1 s (1.1)

This is the maximum frequency at which a net negative resis-

R

tance 1is observable at the accessible terminals.

! r2C
fx = Zwnc T -1 (1.2)

and is called the reactive cut-off or self-resonant frequency
- at which the imaginary part of the TD impedance (neglecting
C,) disappears. A microwave TD has R >> r and L << R2C.
Taking account of both shot noise in the junction
and thermal noise due to r, the following is the noise  figure

for reflection amplifiers:

1 + 20IR
F = (1.3)
r f 2
(1 -1 - ()9

fr

*Some consequences of frequency dependence are discussed
in sections 5.3 and 7.6.

**Ideal, lumped, frequency independent elements are assumed
throughout.
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where I is the d.c. current. For low noise figures and wide-
band performance, TDAs are operated at fR/B or lower. Mini-
mum F is obtained also for a somewhat higher bias voltage than

8
The gain-bandwidth performance* for the single

tuned reflection amplifier (fig. 1.2 (a)) is (neglecting L
4
and C1)

We - /(1 - DB == 1 -DHa - &) (1.4)
R
D T0

B e S . Soh. A N,
fone
Fary
i S —
[ DS T

|
!
| i o L T
b b e e e i
{a) {b)
Fig. 1.2: (a) reflection TDA, paramecters normalized to source
conductance; (b) transmission TDA, parameters normalized to
1/Rs, the source conductance: g = RS/RL, g = RS/R.
where /G = Ipl, the magnitude of the reflection coefficient.
Neglecting L, but including C1, and for G >> 2 with r/R << 1,
1
(/G - 1).B = (1.5)

TR(C + Ci)

r, L and C1 are neglected in the ensuing equations in this

section. The ultimate limit for reflection amplifiers is
1

given byk

L

B.log /G € 7& - (1.6)

*Except in (1.6), B is the 3 dB bandwidth for a peak
power gain G.
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The single tuned transmission amplifier performance (fig. 1.2
(b)) can be described by
JG.B = ———— (1.7)
ncJRSRL

where Rs and RL are the source and load resistances, respect-

ively. Here, /G = |t]|, the magnitude of the transmission co-
efficient. Maximum G for a given B occurs when Rs = RL;
then
1
(;\/G. - 1).B = m o (1.8)

For a transmission TDA with a matched input (see fig. 1.2.
(b)) g - & =1, and

(G - 1).B = E%E . (1.9)

Here, t = tm’ say.

For a gain of 20 dB the bandwidth ratio given by
(1.4), (1.6), (1.8), and (1.9) is 10 : 43 : 5 : 1. For high
G the reflection amplifier is 6 dB better than the best trans-
mission amplifier having the same bandwidth. It is easily
verified that the return gain at the output of the matched
transmission amplifier is, for high G, very nearly equal to
the gain of the corresponding reflection amplifier. The im-

Plications of this fact on stability are evident.
1.4 STABILITY

Consider the three circuits shown in fig. 1.3,
Circuit (a) is described as short-circuit stable . RL < R
for stability. Circuit (b) is described as open-circuit
stable : R, > R for stability. Circuit (c¢) (a TD minus Cl)

L
must satisfy LG/C - r < R, < 1/G - r for stability. At

L
resonance, for example, it is impossible to distinguish be-

tween (a) and (b), and yet R, needs to be of a different

L
value in each casec.
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Fig. 1.3: Three circuits containing negative resistances.

It has been shown9 that for potential stability of

a TD, its parameters must satisfy (neglecting Cl)

3
< & Lo (1.10)
RTC 1+ 8 B8 - tan 06
where
_ 1 _ r
6 = BRRCT, ~ \R - F (1.11)

In the limit, as r/R ™ O
-—-——-2 < 3. (1:12)
R"C

As stated in section 1.3, L << R2C for microwave TDs.

1.5 THE TDs USED IN THIS PROJLCT

A sketch of the TD package used in TDA 1 (chapters

2 and 5) is shown in fig. 1.1 (d), and of the one used in TDA

2 (chapters 6 and 7) in fig. 1.1 (e). The latter is described
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by Lee,10 and the use of the former is reported by Laster.
Both TDs are made from germanium. Comments on their per-

formance are made in chapter B.
1.6 SCOPE OF THIS THESIS

The TD and many of the structures considered in this
project are well-established in the microwave field. Conse-
quently, relevant publications are referred to freely so as
not to detract from the main treatise. Use of Nyquist-type
stability criteria, and use of digital computers in circuit
optimization are not guite so familiar to microwave engineers,
thus they tend to be decalt with in some detail. Both tech-
niques are of direct relevance to microwave networks exhibit-
ing responses which are complicated functions of frequency

and/or which are not commensurate.
1,7 ORIGINALITY

Except where the assistance of others is acknow-
ledged, or where published material is referred to, the work
reported in this thesis was independently devised by the
author. Furthermore, the principal contents of the author's
publications were believed to be original at the time of pub-
lication. Original contributions in this thesis include:

(i) the method of immittance-plane stability analysis
involving successive inversions and determination of RH p-
plane poles and zeros;

(ii) the simultaneous determination of gain and sta-
bility of reflection amplifiers on a redefined Smith chart
(p-plane), and

(iii) +the direct interpretation of stability in this

planec;



(iv) the critical examination of McPhun's stability
criterion;

(v) +the application of a digital computer to the design
of a coaxial-line band-rejection filter having sections with

unequal lengths.

1.8 References
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design of TDA 1

2.1 Introduction

For a considerable time during the early stages of
this project it was found impossible to achieve a stable, pre-
dictable performance from a TD mounted in various ridged wave-
guide structures. The most fundamental problem which had to
be overcome was that of stability. It was decided to design
a reflection amplifier of a fairly conventional type in order
to study this problem.

The TD was to be mounted in a reduced height section
of an S-~-band rectangular waveguide, as shown in fig. 2.1.
Matching to the full height waveguide was to be effected by
a reasonably long exponential taper. The amplifier was to be
rendered passive outside its operating band by a stabilizing
network consisting of a radial-~line band-rejection filter in
a coaxial-line arrangement, and terminated by a resistive card.
A circulator was to separate the reflected power from the inci-

dent power.
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bias
coaxial - line
band -rejection fiter — /terminuted by
\ resistive card
L ] —x
1437\
t
2 V///l__j/_
circulator le-/—sl tuning
< Z%éhg & gain
exponential TD adjustment
taper motunted
here

Fig. 2.1: Schematic of proposed amplifier.

This chapter describes all the relevant steps taken
and the calculations made towards designing and constructing

this TDA.

2.2 THE STABILIZING AND BIASING NETWORK

The radial-line

The short-circuited radial-line ‘73 was designed
from curves given by Ramo and Whinnery.3 Fig. 2.2 shows its
dimensions, and its freqguency response. The radial-line

dimensions are determined by those of the coaxial-line which
it interrupts. The impedance of the coaxial-line was chosen

to be 40 Q,* with a centre rod diameter of .110 in, the dia-

* TFor d.c. stability, a TD must be biased from a source whose
resistance is less than the TD's negative resistance. For
the TDs used, Rmin was typically 50 .
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Fig. 2.2: The frequency response of the radial-line for

r, = <272 cm and r. = 3.87 cn. Z; is its wave impedance.
meter of the TD package. The first resonant frequency of
the radial-line was required to be 3 Ge/s. Note from fig.

2.2 that its next resonance occurs at about 7 Gec/s.

The biasing circuit

The effective terminating resistance due to radia-
tion of an open-ended coaxial-line having the dimensions of
the present example was calculated from equations given by
Harrington. This resistance is very high, as shown in fig.
2.3. A resistive-film card* of resistance per square equal
to Zpg (the wave impedance of free space) terminating the 40 Q
line would, therefore, provide a good match from d.c. well in-

to X-band. Wexler5 has found that the value of the d.c.

*Very thin graphite on Paxolin substrate made by the
Morgan Crucible Company.
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resistance of such cards 108 — |

can be carried over to
microwave frequencies,
ie.e. the nmicrowave resis- '
tance per square is sub- //

stantially the same as the

corresponding d.c. resis- 10y b
tance. j
Discontinuity » /
and stray effects were, for = /
simplicity, neglected. é !
The effect, for instance, /
of attaching a bias lead 1081 f/ 5
to the centre conductor
would be dinsignificant at /{
the amplification band, due 1
to the action of the xradial-
line. - GC/S
i /12 5 3 2
107 XA SR B } L } —
] 2 4 & a 10 12 14 18
The frequency response WAVELENGTH OM
of the networl
The total impe- Fig.2.3: Radiation resistance
dance 7_, presented by the of the 40 2 coaxial—line.
radial—line is given by
Zop = 3% z_fgro (2.1)

where Xi, r and d are defined in fig. 2.2. The calculated

o,
input impedance Z; to the band-rejection filter (see fig.
2.4) is plotted in fig. 2.5. The distance from the centre
of the radial-line to the TD was made A/&4 at 3 Ge/s, i.e.

2.5 cm, so0 that a s.c. falls in series with the TD at this
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frequency. At frequencies outside the
amplification band, the filter was to 409
eliminate the negative resistance of ~MN1
the TD. Fig.2.5 shows that at wave- O Zpy =

lengths above those at S-band the input

resistance rises well above 40 Q reach-

R

ing a maximum of about 75Q around 1.5 408t

Ge/s. Fig. 5.4 shows the result of

adding this response in series with the ° T

experimental TD. At this stage it was Zin :

hoped that instability would not be

caused by the second resonance of the Fig.2.4: The band-

radial-line. rejection filter.

2.3 VWAVEGUIDE IMPEDANCES SELIN BY TD

Experimental investigation to

determine Zo

Some tests were made to determine the characteris-
tic impedance of a full height rectangular waveguide from
the point of view of an obstacle mounted vertically and cen-
trally in the waveguide. The obstacles used were narrow
strips cut from resistive-film cards. Their width was about
1/20th of the waveguide broad dimension. Their ends were
coated with silver paint, and they were clamped between two
flanges. Their reactance was tuned out by a calibrated s.c.,
which terminated the set-up. The appropriate eguivalent
circuit6 of the strips was assumed to be as shown in fig.2.6.

The position of the s.c. plunger was adjusted to
produce the lowest possible VSUWUR. The distance £ of the
plunger from the plane of the strip and the value s of the
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VSWR were recorded., lg was
calculated from the positions

of the minima in the usual

) way. The strip was then re-
Ag paint
Z%J moved and Rdc was measured on
KR a low frequency bridge.
Rdc. Thus,
b — — 3 X, = - Zg tan B2 (2.2)
Jx
! and
. - L
7"
7 R
resistive strip ~zg = s or = =1, say.(2.3
Therefore
2 2
Fig.2.6: Microwave Zy = E—iiig—gé.Rdc (2.4)
equivalent circuit of a r tan” pL
resistive strip.
and
2
X = - —%——J‘-%‘—Bﬁ.zo. (2.5)
r +tan” g€

Table 2.1 summarizes the result obtained from six

strips at 3.047 Gc/s. The theoretical value was calculated
from the voltage-power definition for the TEOl—mode,

£s* a " /(1 - (A /2a)2)

This experiment has confirmed the observations of
other researchers,G—io that the appropriate characteristic
impedance should be based on the voltage between the ends of

the obstacle and the power flow through the waveguide. (In
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Strip Rdc tan BZ£ r Zo X
no. Q Q Q
1 490 -2.29 1.40 481 226
2 410 -1.72 1.20 509 287
3 318 -1.36 1.045 484 244
4 302.5 -1.32 .95 484 218
5 300 -1.18 .98 517 250
6 249 ~-1.035 .833 491 200
Experimental average 4o4 —
Theoretical value 485 —
Discrepancy 2%
Table 2.1: Results of investigation to determine ZO'

section 7.4 further experiments of a similar nature are des-
cribed.) Reactive effects in the present context (final
column in table 2.1) which are produced by mounting the TD

in a reduced height waveguide are assumed to be accounted for
by the TD's package capacitance and series inductance as

given by the manufacturer.

Impedance levels and gain considerations

At 3 Ge/s Z,
If the parallel component of resistance of a TD (all parasi-

for a 3 in by 1.5 in waveguide is 493 Q.
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tics accounted for) at 3 Ge/s is, say, -40 Q, then a load
resistance of 25 Q would produce a gain (see fig. 2.7 and

section 4.2)

1
25 " 0|
1
)

= 18.8 =+ 12.7 dB.

A TD with ~-30 @ produces a gain
of 20.8 dB. The available TDs

T
ﬁﬁﬁﬁﬁﬁﬁﬁ I had resistances at 3 Gec/s typi-
| cally within this range.
/OT ! — ' 2§hb 25 Q was, therefore, taken as a
~40la I tuner suitable value for the TD to

work into. The height b' of
the reduced height section is

then given by

2
. . bt = E%? x 34.0Lk = 1.72 mm,
Fig. 2.7: Equivalent
circuit for gain where the full height b = 34.04
calculation.
mme. The height of the TD pill
was 1.27 nm. The difference was made up by bringing the

centre rod of the coaxial-line .45 mm into the waveguide, and
including this length as part of the coaxial-line structure,

to a first approximation.

The exponential taper

A 3Xg/2 exponential taper“‘—13 was considered a

suitable transformer for this first amplifier, to transform
from 493 @ to 25 Q. The theoretical VSWR13 was less than
1.26 down to almost 2.4 Ge/s, and less than 1.1 from 2.91 to
3.09 Ge/s. Fig.2.8 shows the VSWR of the transformer calcu-
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1.6 4
14+
= 1
7
>12+ /——\/
10 Y T 7 T T T v T T T T E
23 26 32 35

29
FREQ. GC/S

Fig. 2.8: Theoretical VSWR of the exponential taper.

lated by digital computer.* A scale drawing of the taper is
shown in fig. 2.9. It was calculated from
2 3. 404

== 1log -————-}z

- 3\ e 1.72
b = 3.404 e g (2.7)

where b is the internal height of the waveguide, z is the

distance along the taper, and kg = 13.85 cm.

The s.c. stub
This component was to tune out the capacitive sus-

ceptance of the TD (see fig. 2.7). For convenience, ZO for
the line containing the stub was taken as 25 Q. (It should
be noted that the best tuning element would be a lumped induc-
tor. For s.c. lines, the higher the characteristic impedance
and the shorter the line length, the closer is the approxima-
tion to the lumped case. One can not, for physical reasons,

carry this argument to its logical conclusion.)

* The program was actually written after work on this ampli-
fier had already ceased. It was used to calculate the input
admittance to exponential lines from equations given by
Bolinder.11
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2.4 CONSTRUCTIONAL DETAILS

A full size scale drawing of the inmportant parts of
the amplifier is given in fig. 2.10.

A 066 in brass plate was soldered to a 3 in by
1.5 in waveguide after a section in the shape of the exponen-
tial taper had been milled from it. To provide a rigid
support during the soldering process, a 9/32 in brass plate
was soldered to the top straight face (covering the whole
area) of the waveguide. Another .066 plate, 7.214 cm wide,
formed the adjustable s.c. stub plunger. Longitudinal 3/64
in slots were milled centrally in the top and bottom faces of
the reduced height section, starting 1/4 in behind the TD
position. Two 8 BA screws, flattened to fit the slots, pass-
ed through two holes in the sliding brass plate. Good con-
tact between this plate and the waveguide could thus be
achieved by tightening nuts at either end of the two screws,
one of which was located as close to the leading edge of the
plate as possible. The distance of a transverse line cut in
the external part of the movable plate from the end of the
waveguide indicated the distance of the leading edge from the
TD position (coaxial-line centre-line).

Thé centre rod of the coaxial-line was supported and
located, at one end by the resistive card, and the other by a
thin polystyrene ring. Contact between the card and centre
rod was maintained by a screw and washer of the same diameter
as the centre rod, or smaller, the centre rod being tapped to
contain the screw. The card was located by a special plate
having a 1.5 in diameter recess, and fixed by three screws.
The resistive~film side of the card was face down to the open-
ended coaxial-line. The thiclkness of the card was about
«017 in. A thin wire was soldered to the screw holding the

card to the centre rod to link the microwave circuit to the
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Fig.2.10: Part of S-band
reflection amplifier (full
size).

nctes

important dimensions only.
some screws, nuts missing.
resistive cards of 4004&
200 ohms/(J were made
various sets of shims, washers,
and centre rods (see text).
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bias circuit.

Subsequent variation in dimensions was allowed for
as follows. Some centre rods of greater diameter than the
designed one were made to enable a lowering of the character-
istic impedance of the coaxial-line. A number of shims for
the radial-line, and washers of the same thickness for the
coaxial-line (resistive card end) were made to increase or
decrease the impedance of the radial-line by a small amount.
Another shim to decrease the length of the radial-line, i.e.
T at the designed value of d by 2 mm was also made. A
few 1.5 in diameter resistive cards including 400 and 200 Q/
Square were prepared.

Fig.2.11 is a photograph of the final assembly.

2.5 Conclusion

Curves predicting the performance of the radial-
line band-rejection filter have been given. The use of the
voltage-power definition of Zo as the waveguide 1impedance
seen by the TD for dominant mode propagation has been experi-
mentally justified. The '"centre frequency! gain for a typi-
cal range of TDs has been computed and found to be reasonable.
Sufficient details of the design and construction of the S-
band rectangular waveguide reflection amplifier have been
presented. An account of its performance, both predicted

and experimental, is found in chapter 5.
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stability analysis

in the H-pianes

3.1 Introduction

Using the Nyquist method, a technique is presented
for predicting the stability of TDAs utilizing the immittance
(i.e. impedance or admittance) planes. Publications of
direct relevance arel™ 17,

The technique* begins with a determination of the

RH p~plane immittance poles and zeros associated with the TD

*The technique described in this chapter forms part of a
paper published in the IEEE Transactions on Microwave Theory
and Techniquesl. After this work was done and submitted for
publication, it was discovered that Henoch and Kvaerna had
already considered the problem from a similar point of view.
The reference to their Stanford University report2 was obtain-
ed from LKvaerna's paper4 published in Norway. Their previous
correspondence3 had given no indication of how they had con-
sidered the problem in general, apart from a useful stability
criterion. There was, unfortunately, an inevitable time lag
in sorting out the references and reading the large volume of
literature on TDAs and related subjects.
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equivalent circuit; a series of systematic inversions from
impedance to admittance planes follows, a new circuit block
being added after each inversion; the resulting RH p-plane
poles and zeros are noted in conjunction with the relevant
Nyquist-type plots each time a block is added. . In this way,
the necessary requirements for stability of TDAs can be pre-
dicted. The technique is especially useful in dealing with
interconnections of microwave networks which may not, in
general, have commensurate frequency responses, either with
the TD or with each other.

3.2 THEORY OF NYQUIST-TYPE STABILITY CRITERION

A theorem
Chapters VII - IX of Bode's book5 form an adequate
background to the ensuing discourse. Only the most pertinent
concepts are quoted here, for the sake of completeness. The
following fundamental theorem derived from Cauchy's theory of
analytic functions is found on page 149 of Bode:

If a function f(z) is analytic, except for possible poles,
within and on a given contour (in the z-plane)* the num-
ber of times the plot of f(z) encircles the origin of the
£f(z) plane (in the f(z)-plane) in the positive direction
(i.e. counterclockwise), while z itself moves around the
prescribed contour once in a clockwise direction, is
equal to the number of poles of f(z) lying within the
contour diminished by the number of zeros of f(z) within
the contour, when each zero and pole is counted in
accordance with its multiplicity.

For the purpose of analyzing the stability of elec-
trical networks, the function f(z) often chosen is a character-
istic immittance function H corresponding essentially to the
characteristic differential equation of the network. The

function may be denoted H(p), where p = 0 + jw is defined as

*The expressions in brackets are mine.
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complex frequency; it can be obtained either by formulating
the total impedance ZT(p) seen around a loop, or the total
admittance YT(p) seen between two terminals of the network.
For stability, i.e. to ensure a decaying transient response
to any applied signal or other electrical disturbance, no
solutions for H(p) = O should exist for Real(p) > 0. In
other words, H(p) must have no zeros in the RH (right half)
pP-plane.

The contour for this analysis must, in general,
enclose the entire RH p-plane (see fig. 3.1), so that p moves
positively up the real frequency (i.e. jw) axis, avoiding
singularities on this axis by small semicircular indentations

into the RH plane, and clockwise (CW)

around an infinite semicircle standing jw
on the jw-axis, centred at the origin
and lying in the RH p-plane. It is in- T .

N
convenient, however, to deal with an h \
infinite semicircle. This limitation A R’/ﬁ“
can be alleviated by the following con- \

g
siderations. Suppose '
/
. 1 /
z(p) - = (3.1) LH | RH »
- pC
P © 4
-
"/
then an infinite semicircular CW motion — R ~> 0
in the RH p-plane corresponds to an
infinitessimal semicircular CCWY motion
in the RH Z(p)-plane. Suppose Fig. 3.1: p-plane.
Z(p) - R (3.2)
p 7 e
then the whole of the infinite semicircular arc in the RH
p-plane coalesces into a single point in the RH Z(p)-plane.
Suppose
z(p) - pL (3.3)

P«
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then an infinite semicircular CJ motion in the RH p-plane
corresponds to a similar infinite motion in the RH Z(p)-plane.
Corresponding statements can be made about Y(p) .

These results are summarized in table 3.1. pre

function limiting cases as p — ©
z(p) R R pL
pC
Y(p) 1 G pC
pL
closing loop small single large
in RH CCwW point v
H(p)-plane

Table 3.1: Limiting cases in the transformation from p-
to H(p)-plane.

Application to TDA stability

It is fortunate that part of the contour in the
p-plane involves a steady-state real frequency response of
the network under consideration, because

(i) in the case of a TDA it is required anyway,
(idi) itisa widely used and readily measured
characteristic describing microwave networks
of any complexity, and
(iii) it can be usefully displayed on a Smith chart.
The rest of the contour is accounted for by determining
which of the limiting cases given by table 3.1 the circuit
can be reduced to as p or ju — w. The problem is further

simplified by the fact that above w_ no external negative

R
resistance is exhibited by the TD, by definition of O’
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in this case all juw plots terminate somewhere in the RH H-plane?
and it is justified to draw an arbitrary loop from just above
wR‘Eg just below -opn in the RH H-plane regardless of which of
the three limiting cases the circuit is reducible to.

The number of CCW encirclements of the H-plane
origin is equal to the number of poles minus the number of
zeros of H(p) in the RH p-plane, consequently a stable net-
work has an H(jw) which encircles the origin in a CCW manner
as many times as it has poles in the RH p-plane. It follows
from the even and odd symmetry of the real and imaginary com-
ponents of H(jw), respectively, that a plot of H(jw) from
-j® to 0 is a mirror image of the plot from O to +j® with
respect to the real axis of the H-plane. In practice, there-
fore, H(jw) is computed for positive w only - in the case of
a TDA, to Jjust above wR.

A stable TDA is one for which ZT(p) around any
chosen loop, or YT(p) between any chosen set of terminals
has no zeros in the RHp-plane. If a certain amplifier con-
figuration is liable to have such zeros, a special "stabili-
zing" network rmst be added to an appropriate part of the cir-
cuit to eliminate them. A knowledge of the poles of ZT(p) or
YT(p) in the RH p-plane and the corresponding responses
ZT(jw) or YT(jw) to just above wy is sufficient to deduce the
number of relevant zeros, and hence the stability or other-

wise of the amplifier.

-

*The terms H-, Z-, and Y-plane are used hereafter to
avoid confusion of H(p)-, Z(p)-, and Y(p)-plane with H(jw)-,
Z(jw)-, and Y(jw)-plane, respectively, the latter being
strictly a special representation of functions of jo in the
former planes.
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3.3 TD EQUIVALENT CIRCUIT

It is reaffirmed that the TD equivalent circuit
parameters are taken, for simplicity, to be frequency inde-
pendent. Poles referred to as P and zeros referred to as Z

are all contained within the RH p-plane.

Some simplified egquivalent circuits

The equivalent circuit is often simplified to a
parallel -G, C combination as shown in fig. 3.2(a), mainly in

18-21

theoretical treatments of broadband TDAs. This circuit

has an impedance pole in the RH p-plane at
= )
P /c (3.4)

which is characteristic of the TD. It can be stabilized by

the addition of a positive G', where
G' > G . (3.5)

Note that G' can theoretically be infinite, hence the circuit
is termed short-circuit (s.c.) stable.

In other theoretical treatments of broadband
22-24
TDAs

3.2(b). This circuit is neither s.c. stable nor open-circuit

the series inductance L is added as shown in fig.

(o.c.) stable. Its stability, when a positive resistor R!

is added to it, is confined within the range

LG L1

T < R <-G (3-6)
Fig. 3.2(c) shows L replaced by the series resis-

tance r. This configuration is s.c. stable. It remains

stable for added positive resistor R' if
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Thhe numbers

of poles and zeros associated with each circuit are given in

columns 1 and 2, respectively;

columns 3 and 4 indicate

whether the circuits are o.c. and s.c. stable, respectively.
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R 1
R <E - r (3.7)

The complete equivalent circuit

This is reproduced in fig. 3.3.
The impedance ZD(p) seen between its ter-
minals is given by

z(p)=r+pL+-_T-}:—I;-5- (3.8)

ZD(p) has an RH p-plane pole at p = G/C,

and a pole at o,.* The conditions for
ZD(p) = 0 to have no solutions for cC— %"G
Real(p) > O, i.e. the conditions for
Sec. stability, are obtained from6’9’ é
25-29 * %
3
= ...g‘.(r _E) + 1(1‘ _.9.)2_..1;._.:.}_‘9.
p = 2'L ° C L T ¢ ° Fig. 3.3: TD
equivalent
(3.9) circuit

These conditions are***

*This pole does not directly influence stability. Its
Presence, however, permits the use of an arbitrary CW loop in
the RH Z-plane joining the ends of the Zy (ju) plot (see fig.
3.4), in accordance with (3.3).

**Note that misprints have occurred in ref‘erences6’25—27
in this or one of the derived conditions given by (3.10) and

(3.11).

***They are also valid in determining stability when exter-
nal resistance R' and inductance L' are added (neglecting the
package capacitance), in which case r + R' replaces r and L
+ L' replaces L.
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r G
and
1 -rG>0 (3.11)
or
LG 1
-6-<r <-§- - (3.12)

Alternatively, this condition can be written as (see section

1.3 for definitions)

(.DR < (.I)X (3.13)
where both wp and Wy mist be real.* If
U)R > (.I)X (3.14)
(with the above proviso) then
LG 1
r <FT-<g - (3.15)

This TD has a conjugate pair of zeros in the RH p-plane,
whose location is obtainable from (3.9).

Both types of TD can be used for microwave amplifi-
cation when suitable external networks are provided. Their
Nyquist-type impedance plots gD(jw) are sketched in fig.3.4.

Davidsohn et al. and Blaeser”’ derive and discuss these and
similar curves in the more general context of the addition of
external series resistance and inductance, and the possible
modes of instability.

It is noted that a practical TD is never o.c.
stable, but it may or nay not be s.c. stable according to
whether its frequency response is like fig. 3.4 (b) or fig.

3.4 (a), respectively.

*In general, wo and w, can be either positive or imaginary
only. The use of " w., < O, or w., « O or similar expressions in
postulating modes of instabiliti6a35 is strictly erroneous.
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Fig. 3.4: TD impedance characteristics ZD(jw).

3.4 THE IDEAL STABILIZING NETWORK

For complicated microwave arrangements including
band-limited circulators, it is usually necessary to uncon-
ditionally stabilize the amplifier over the whole frequency
spectrum outside the desired amplification band. At this
juncture, a definition of the ideal stabilizing networl is
in order:

The ideal stabiligzing network when added to a
tunnel-diode prevents instability at all frequencies except
in the desired amplification band for an arbitrary variation
in value of any component forming part of the source and load
of the signals to be amplified. Within the amplification
band (so as not to deleriorate the performance of the ampli-

fier) it exhibits zero immittance.



50

With a series stabilizing network,for instance, un-
conditional stability above the amplification band is real-
ized by providing enough resistance in series with the TD
to lower, effectively, its resistive cut-off frequency.

(If the same network is also used for biasing, (3.31) must
hold. See also fig. 3.9.)

3.5 TYPES OF AMPLIFIER

There exist many ways of realizing microwave TDAs,
whether reflection or transmission. It is convenient, for
the present anlaysis, to classify them as in fig. 3.5. The
microwave structures illustrated are not necessarily the sim-
plest possible, nor the most complicated. They are proposed

with three main provisos:

(i) any shunt element (resistor or s.c. line) must not
be connected directly to the TD terminals 1 or 2,
(ii) the stabilizing (and biasing) network is distinct
from the rest of the circuit, and
(iii) the TD parasitic or package capacitance is always

present.

Restriction (i) can be overcome, geometry permitting; res-
triction (ii) if the resulting lack of flexibility can be
tolerated; restriction (iii) to some extent by building the
TD into the microwave structure.

More complicated realizations, e.g. with double
tuning, can be conceived. There is, however, no loss of
generality in describing the method of analyzing the stabil-
ity of TDAs by choosing the configuration of fig. 3.5 (d).

This type represents, essentially, the S-band reflection
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1
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1
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2 {c) 20r3
1
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notes: stabiifzing (and biasing) network

Fig.3.5:
puUrposes;

stab, =
T+l = tuning and loading arrangement
stab. and T+L to be connected by the

numbered terminals, J< No/4.

Some configurations of TDA for stability analysis
and simple microwave realizations.

The stabilizing

circuits A and B and the tuning and loading circuits X and Y
have their terminals numbered so that their interconnections
in the amplifier can be readily determined.
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3.6 THIZ CONSZQUENCES OF ADDING THE PACKAGE CAPACITANCE

ZD(p) is inverted to give YD(p):

1
Yb(p) = ESTET =

The allowable forms of YD(jw) are shown in fig. 3.6.

pC - G

p2LC + p(rC - LG) + 1 - rG

(3.16)

Note

that the poles and zeros of Yb(p) are given, respectively,

by the zeros and poles of ZD(p).

3.5 (d)
Yi(p) =
jks
/"‘"’“"\
/ﬁii::*\wl\\ \¥\
P 4
| Lo 3
Ui o/ | ‘G
M“’
\agxu__“,//caﬁ
P-Z=CCW
2-1= 1

Fig. 3.6:

p01 .

For the case of fig.

(3.17)

Wr

\
!
o

o
P
- N
TR
O
O
£

(b)

TD admittance characteristics YD(jw).
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Defining
Y.'= Y, + X (3.18)
gives

p> + p2(rC-LG)/LC + piC + c1(1-re)}/c1Lc-G/cch]

Y, '(p) = CI 5
p° + p(rCc -~ LG)/LC + (1-rG)/LC

(3.19)

Clearly, the poles of Yi'(p) are identical to those of YD(p),

except for an added pole at «* given by

Y '(p)l - pcC, . (3.20)
! [p-e 1
In general, the numerator of Yi'(p) has three roots:
(i) all roots real
(ii) all roots real; at least two are equal, and
(iii) one root real; the rest form a complex conjugate
pair.

The plots of Yl(jw) shown in fig. 3.7, the only types possible,
can be used to deterntine on which side of the jw-axis in the
p-plane these roots, and hence the zeros of Yi'(p), fall.

Note that since Y1 is purely capacitive, the curves of fig.

3.6 are distorted only in the jB direction, thus wR rerains

unchanged. If the poles of Yl'(p) are located at p, and p,,

and the zeros at =z Zg and 23’ it is interesting to observe

1’
that
_ _ LG - rC
Zy + 25 + Zg = Py o+ Py = —yE— - (3.21)
Since
. _ 1 - rG
PPy = =5 (3.22)

*Its significance is explained in section 3.2.
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P-Z=CCW P-Z=CCW P -2=CCW
2-1= 1 0-1= -1 2 -3= -1
jw jw jw
o X O X o X
o X o] X (&) %
(a) (b) (c)

Fig.3.7: Y-plane sketches of Y,'(j®), and relative locations of the p-plane poles
and zeros of Yq1'(p).

%S
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and the only concern is with r < 1/G, Py and p, are found in
the LH p-plane if r > LG/C and in the RH p-plane if r < LG/C
(see section 3.3).
B <
17273 7 01CL !

thus either we have two zeros in the LH p-plane and one in the

(3.23)

RH p-plane, or all three in the RH p-planec. One possible
arrangement of these poles and zeros is shown in fig. 3.7

under the corresponding Yi'(jw) curves.

Now Y, '(jw) = jo,C, + 1
1 W= W RSP VI SR S
R R ~G+ijC
Jw,C, + L (3.24)
R71 juw.,Cr *
jo L - BT
R G
For
Yi'(jw) < 0 (3.25)
w= wR
it follows that
c, < 5 1 (3.26)
w._1 (L - Cxr/G)
i
where
w = & 1. 1 > 0 and real (3.27)
R C Gr ° *

Under thesc conditions the case of fig. 3.7(c) does not

arise. It

r > LG/C (3.28)

(see fig. 3.4 (b)) (3.25) can never be satisfied, hence

(3.26) is invalid. In this case we obtain fig. 3.7 (b).
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Z-plane sketches of 1/Y1'(jw), the inversion of
the curves of fig.3.7.
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Now
Y. 1 (jo) = jwyC.4 1
1 _ X 1*r . R 1
W= oy Ju 5L =G + JugC
= JWC, 4 e (3.29)
X1 aL
Ir - -C—-

By definition of b (see section 1.3), the imaginary compo-

nent of Yi'(jm) for w< w, is always capacitive, thus the

X
effect of C1 is actually to increase the effective "mX" of

the TD.*
3.7 ADDITION OF STABILIZING NETWORK

The curves of fig. 3.7 are next inverted into the
Z-plane, resulting in fig. 3.8. Notice that the general form
of the curves between w= 0 and the first cut-off frequency
is, as expected, much the same as those of fig. 3.4.

The impedance Z_,' between terminals 1 and 3 of fig.

2
3.5 (d) is given by

z,' = Z, + 1/Y1' . (3.30)

Fig.3.9 shows two simple forms Zz'(jw) can take.** The

*This fact is of no use in the design of broadband TDAs.
Cq limits the potential bandwidth, as discussed by Getsinger,3
so it should, in practice be minimized as much as possible
along with r, L, and C. There is, therefore, no point in
forrmlating the new "mx" value: it is not important as a
design parameter. “

**For clarity, the curves for -p will not be shown from
now on.
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X
Y

R rd R
Wp
Wa
Gra
“p O — waq:biasing W
Ga—> Gb:stabilizing
CCW Whb—> W :amplitying CC\W
-1 w,{,’—> GJg: stabilizing 1
wr—> (0 :passive
(&) S,

Fig. 3.9: Z-plane sketches of Zz'(jw).

p-plane poles associated with fig. 3.8 are carried through,
and the resulting pole-zero arrangement associated with

fige 3.9 is summarigzed in table 3.2.

Poles Zeros Z
Fig.
P 3.9 (a) 3.9 (b)
3.8 (a) 1 2 o]
3.8 (b) 1 2
3-8 (C) 3 l]:

Table 3.2: RH p-plane poles and zeros of Zz'(p)

The curve of fig. 3.8 (¢) is seen to have 3 RH p-

pPlane poles associated with it (given by z,1 Z,y and Z3 the
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zeros of Yl'(p». It is not obvious what will happen to the
locus in the region in the LH Z-plane where the magnitude of
the real component is greater than its d.c. value, the nature
of the encirclements and hence stability being in some doubt.
In fig. 3.9 and table 3.2, further encirclements above wR'
are assumed nonexistent.

Now the TD has one RH p-plane pole. If it is
connected in series with any passive network (01 forming
part of it), which itself has neither poles nor zeros in the
RH p-plane (by definition of passive), the nature of this
pole is unchanged. Since the stability of the complete
loop depends on eliminating RH p-plane zeros, the Nyqguist
plot of Z(jw) around the loop must encircle the Z-plane ori-
gin once in a CCW direction.* This can only be realized if
the plot starts in the LH Z-plane at w= O (since it ends
in the RH Z-plane), as illustrated by fig. 3.10. Hence,

the total d.c. resistance external to the TD, R, say, must

b
satisfy

R, < & -1 (3.31)

for stability.

*Henoch and Kvaerna's basic stability criterion2_4 is:
"A tunnel-diode amplifier is stable if and only if the sum
of the diode impedance and the connected network impedance
plotted as a function of frequency encircles the origin once
in a counter-clockwise direction when the plot is closed
with an arbitrary line in the right-half Z-plane between the
positive and negative diode cut-off frequency. The diode
cartridge capacitance is considered to belong to the network
connected to the diode."
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Fig. 3.10:

(a)

Fig. 3.11:
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&

Counterclockwise encirclements.

}
P
| e
O / G
J

P -2 =CCW

0-1= -1

{b)

Inversion of curves of fig. 3.9 to give Yz’(jw).
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3.8 THE CONNECTED AMPLIFIER

The remaining discussion considers the cases of
figs. 3.8 (a) and (b) only.

The poles and zeros of Z_ '(p) transform to the
zeros and poles of Yé'(p), respect;vely: fig. 3.11 shows
sketches of Yz'(jw). For final stability of the connected

amplifier Ys(p) (see fig. 3.5 (d)) must ensure that

i8 iB
)ﬂr
] 0 0
\ el / Pdlc
~— ! large finite” |
| waveguide |
i conductance ¢
at dc /
/
/
\ /
\ 4 N\ e
~ - P ™ -
P-Z=CCW P -7 =CCW
2-Q= 2 O-0= (O
Stabje stable
(a) (n)

Fig. 3.12: Yp(je) when Y3(jw) is defined for a simple
rectangular waveguide sys%em such as shown in fig. 2.1.
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Y(p) = Y,'(p) + Y,(p) (3.32)

is free from zeros in the RH p-~plane. Since the poles of
Y2'(p) are carried through, Y,(jw) must encircle the Y-plane
origin in a CCW manner as many times as Yz'(p) has RH p-
plane poles. Examples in which a simple rectangular wave-

guide system defines Y3(jw) are sketched in fig. 3.12.

3.9 Conclusion

The stability of the amplifier configuration of

fig. 3.5 (d), containing one TD, has been investigated.
The technique described is general and can be extended to
more complicated arrangements. Particular attention has
been paid to the effects of the parasitic package capaci-
tance.

A knowledge of the number of RH p-plane poles P
for H(p) at any appropriate part of the amplifier, together
with the number of CCW encirclements of the H-plane origin
by H(jw®), the plot being closed by an arbitrary loop in the

RH H~plane from w_, to -w is sufficient to determine the

R R?
number of RH p-plane zeros of H(p) given by

Z = P - CCu.

These zeros become the poles of 1/H(p), which are carried
through when the next block of the amplifier is added.

This process is continued until all blocks of the amplifier
have been connected. The stability for the final connected

networl is assured when
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i.e. when the relevant HT(p) has no RH p-plane zeros.
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stability analysis

in the f—«p!am

4.1 Introduction

Some form of negative resistance Smith chart or
reflection coefficient representation has been used by many
reSearchersl-zs (also references 10, i3 and 17 of chapter 3)
to portray active loads. In this chapter the Nyquist
approach to stability is developed into a form suitable for
representation on a chart having conventional Smith chart
scales. It is shown how the gain and stability of negative

conductance reflection amplifiers can be simultaneously pre-

dicted on this chart.* Various stability criteria for use

*The derivation of the p'-plane (section 4.3) and the
application of a Nyquist-type stability criterion (section
4.4), and also the discussion of the reflection amplifier
connected to a mismatched transmission-line (section 4.7)
have been published by the author.l Some months after sub-
mission of the manuscript, the original P.H. Smith showed
qualitatively?2 how his chart could be adpated to display
immittances with negative real parts.

The present chapter includes some further work on sta-
bility in the reflection coefficient plane: a direct inter-
pretation of stability in the plane (section 4.5).
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in conjunction with the Smith chart are rigorously presented.
Predominantly graphical computations are involved, as in
chapter 3, from which some of the H-plane ideas are carried
over.

This chapter also includes a description of the
stability criterion of Henoch and Kvaerna3’4 (section 4.7)
pertaining to reflection amplifiers connected to a mismatched
transmission-line, and a critical examination of the criterion
proposed by McPhun5_7 (section 4.8) which involves the magni-

tude of the reflection coefficient only.
4.2 TRANSMISSION-LIND WITH NEGATIVE CONDUCTANCE LOAD

Define a transmission-line load YL(jw) as
Y (jw) = - G + §B (Lo1)

where -GL and BL are functions of wa. Then the voltage

reflection coefficient p(jw) is given by

Y. (o) + G - JB
. _ o L
plgo) = Y, (@) - G, + 3B, (&.2)

where Yo(w) is the characteristic admittance of the trans-
mission-line.* The power gain G(w) of the load, i.e. the
ratio of reflected power to incident power, is defined by

(Y (0) + G )2 2
a(0) = p;(jw)Zz ) 0 * Gy )" o+ By

. (4.3)

) 2
(Yo(w) - GL) + By

*Dependence of Ygp on w is assumed, e.g. to allow for rec-
tangular waveguides. Furthermore, it is written ¥g(w) rather
than Yg(jw), since we are interested in propagating waveguides
for which the characteristic admittance is real.
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(4.3) shows that G(w) > 1 for any load having a negative con-

dutance component. On differentiating, we obtain
[ d ay, (o) aB. |
2 GL 0 : L
4B, %Yo(m) 5o * 6, —33 ' ~ 8Y,(0)G B
i —
dG(w) E(Y.2(0) y. | ) G‘L dYo(‘");
do - ‘+ 1Yy (e GL ° Lf ( GL do i ! *
252
[(vgt) - 6 )% + B 2]
(L.b)
At the "centre" frequency Wg 9 BL = 0. For this case
? a6 ay (w)f |
| E(Yn(9) + G). gYo(w) 5 - G o | ‘
. |
dg(mm)f - - (4.5)
o (Yy(w) 3
© Yo B GL) 0

The non-trivial (Yo(w) £ 0, GL £ 0, and YO(W) + GL #Z 0), and

stable (Y. .(0) -~ G, # 0) condition for G to occur at w_ is
0 L max o
given by
GL [ dY,(w) |
Y, (w) } = —_— . (4.6)
O GlL do W

For a practical TD

daG

5o~ # O (4.7)
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in general, and for a rectangular waveguide propagating the
dominant mode

dYO(m)
S5o— # 0. (L.8)

Thus, the gain of the load will not, in general, reach a

26

maximum at the frequency of zero susceptance.

4,3 REPRESENTATION OF IMMITTANCES WITH NEGATIVE REAL PARTS
ON THE SMITH CHART

The complete p-plane

lp(jw)| > 1 for reflection amplifiers; it follows
that the associated VSWR s(w) given by

1 + |p(jwﬂ
s(w) = (&.9)
1~ Jojw)l
8,* , .
is negative. ’ If one extends the families of circles which

constitute the conventional Smith chart beyond the bounding
unit circle by including immittances with negative real parts,

911 fig. 4.1 is arrived at.**

The p'~plane: a transformed p-plane

This extention (fig. 4.1) is quite impractical,

apart from its availability, for displaying, for example, the

*A standing wave detector alone can not distinguish
between positive and negative VSUR. A directional coupler
could, for example, be used to establish whether the reflected
power exceeded the incident power by comparing the former with
the power returning from a s.c. termination.

**The equations describing the constant resistance and
constant reactance circles are given in many text books, e.g.
Ramo and Whinnery.
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x=0Q
y ] R@(p) /
|~=Oh\\\k rz-2
| X z-1
§
r=-0% : r=-13
|

Fig. 4.1: Complete p-plane of which the conventional Smith
chart (shaded area) forms a part.

frequency response of negative conductance amplifiers. A
simple transformation, however, brings the negative conduc-
tance (or resistance) region into the conventional Smith
chart,* and comnsequently facilitates its use with the minimum
of alteration.

1
Define a transmission-line load Y. (jw) as

YL'(j(p) = G ' + §B.'. _(4.10)
Then
v(w) - GL' - JB
pr(je) = T T e JBL (4.11)

*The transformation has also been independently proposed
by Chow. 12
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Compare (4.1i1) with (4.2) such that

]

Yo'(w)

Yo(w); B' = DB;; and G ' = G . (4.12)

In this case

1 p(jw) p(jw)
p'(jw) = = = — (L.13)
p*(juw) p*(juw).0(juw) lp (o)
where p*(jw) is the complex conjugate of p(jw). In polar
co-ordinates
0(jo) = p(ju) | 380D (4. 14)
and
p'(Ju) = Ip'(jw)l eja'(w). (4.15)
Thus
6'(w) = 8(w) (4.16)
and 1
‘p'(\jw)l= iarmee e . (4017)
lo (i)l

Vectors p' and p lie in the same line on the chart (see fig.
4,1). They rotate in the same sense when considered func-

tions of position along the transmission-line since

. p(jo) .
01 (ju)e d2Bz _ . e"J2Pz (4.18)
| o Ciw) |

where z is the distance measured towards the generator.
The centre of the transformed plane corresponds to

infinite gain, and constant p' circles correspond to constant
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gain,. * Note that the only fundamental change to the conven-

tional Smith chart is the change of sign of the constant con-

ductance (or resistance) circles.

4.4 ADAPTING H-PLANE STABILITY ANALYSIS TO THE p'-PLANE

Let

H (Ju) = Hp(jo) - Hy() (4.19)
where HT is defined in section 3.2. Thus, an otherwise
pPhysically present matched transmission-line (or pure resis-
tance) has been M"extracted" from Hpe. Hence,

H, (jo) Hpn(jw)

GT < W - - (8.20)

0o 0

The critical point in stability analysis using Hp is (0,30);

using HL/HO the critical point becomes (-1,j0), i.e. the
centre of the transformed Smith chart. CCW loci around the
H-plane origin become CW about the p'-plane origin (or vice
versa), as explained by fig. 4.2, which also illustrates the
consequences of the transformation of p. The p'~plane
accounts for the whole of the LH H-~plane, plus the part of
the RH H-plane from the imaginary axis to Ho(w) only when
Ho(w) is physically present in the connected circuit. The
Smith chart is a simple distortion of the H-planes and is
symmetrical about the real axis, therefore all the concepts
discussed in chapter 3 concerning real frequency responses,

e.g. arbitrary closing loops above w can be carried over

R’
without ambiguity.

*Return "gain" in dB replaces return "loss" in dB.
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{ 0 ) : i
\\\~’7% X=0 k\~¥<} iﬂ///// XEC \\\ \\j&<;::j% x=0

e N

Fig.4.2: Transformations and associated senses of rotation.
The developnent of the senses of rotation in the transformed
Smith chart is shown in parallel with the corresponding ones
in the H-plane.

k.5 DIRECT INTERPRETATION OF STABILITY IN THE p'-PLANE

The stability criterion

Stability requires that RH p-plane poles be absent
from p(p): only then will !p(jw)§2 represent the magnitude
of the finite power gain of a stable reflection amplifier.

Now if

H* (jw) H(-j w) (4.21)

then

p*(jw) p(-ju) . (4.22)

Substituting p for jw in (4.13),
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1
! - = o -
p'(-p) eyl (&.23)
Hence, p'(-p) should have no RH p-plane zeros; alternatively,

p'(p) should have no LH p-plane zeros for stability.

To comply with the theorem guoted in section 3.2,
the p-plane contour required for the present analysis must
enclose the entire LH p-plane. The

motion is again positive up the jo

jw j
axis, avoiding singularities on the ] -
axis by small semicircular indenta- éf” A \:9
tions into the LH plane, but this /! R # P RN
time CCW around an infinite semi- i ] ° ! ;
circle standing on the jw axis, ‘\ R->0 ,’
centred at the origin and lying in N~ -T—'/
the LH p-plane (see fig. 4.3). (a) (b)
The plot of p'(jw) must encircle the
p'-plane origin as many times in a Fig.4.3: p-plane,

(a) a CCW encircle-
ment in the LH, (b)
by the zeros of its numerator) in a CW encirclement in
the RI’I.

CW manner as p{(p) has zeros (given

the RH p-plane.

Limiting cases for p'(p) as p = ®

(-p) + Z
p'(p) = 1 2 o (4.24)
pl-p) z; (-p) - Z,4
A
If ZL(p)Ip*w - pC then
p'(p) poe "1 (4.25)
If .'e'.L(p)|p_,m - R then
R + Z,
(P g T (4.26)
R -2z
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If zL(p)lp_,m = pL then

p'(p) pme 1 (k.27)

The infinite CCW semicircle in the LH p-~plane will, therefore,
coalesce into a single point on the real p or p' axis, accord-

ing to table 4.1.

function C R L
-1 1
p' (p) ﬁj Z’)
Table 4.1: Limiting cases in the transformation from p-

to p- and p'-planes.

The arbitrary closing loop

The question of where an arbitrary loop from just
above W to just below -wp can be drawn presents some diffi-
culty here. It is important to distinguish between whether
the Smith chart is being used with the stability criterion in
terms of immittance or in terms of voltage reflection co-
efficient. Fig. 4.4 illustrates the difficulty with the aid
of table 4.1 and the ideas of section 3.2. Note that for an
H~plane criterion the closing loop is drawn, as expected,

through the region of the H-plane origin.
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Fig. 4.4: Some arbitrary closing loops on the Smith chart
applicable to TDs. The loops are drawn as arcs of the unit
circle for convenience.

Concluding comments

A stability criterion in terms of p* is both more
complicated than one in terms of H, and unnecessary in prac-

tice, for the following reasons:*

(i) the denominator of p'(p) may have zeros in the
LH p-plane other than "active'" ones which would

have to be determined,

(ii) the arbitrary closing loop in the p'-plane can not
be so easily dismissed (see fig. 4.4) as in the H-
plane, and

(iii) no further information on stability is forthcoming

by considering p' rather than H.

*As an academic exercise one could formulate the condi-
tions for stability in terms of p'!' and the number of CW en-
circlements of the p'-plane origin in parallel with the method
of chapter 3.
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It is recommended, therefore, that when using the Smith chart
for predicting simultaneously the stability and gain of reflec-
tion amplifiers, the stability criterion itself should be for-
mulated in terms of II, as explained in chapter 3 and section
bk, Practical examples of this are found in chapters 5 and

6.

4.6 ANOTHER TYPE OF NEGATIVE SMITH CHART

5!8113114

A number of authors have employed a transforma-

tion of the form

i - - -1- .
pr = 5 (4.28)

to obtain a negative Smith chart for |p(jw)’ > 1. For sta-
bility p"(p) must have no RH p-plane zeros, therefore p"(jo)
must encircle the p"-plane origin as many times in a CCW
direction as p"(p) has RH p-plane poles. This negative

Smith chart has some practical disadvantages, viz.

(i) the inversion process results in a chart which is a
mirror image of the conventional chart with respect
to the imaginary p axis,

(ii) transformations towards load or generator are opposed
in sense to those on the conventional chart, and

(iii) plots of frequency responses of immittances having
positive and negative real components would be dis-
continuous if both conventional and negative charts

have to be used at the same time.
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4.7 REFLECTION AMPLIFIER CONNECTED TO MISMATCHED LINE

Stability criterion in terms of amplifier and source

reflection coefficients

Let Pc be the reflection coefficient of the mis-
matched line (the mismatch being due to a practical circulator,

say) referred to the terminals of a reflection amplifier whose

reflection coefficient is Py (see fig. L4.5). Henoch and
Kvaerna3'lL have shown that
1-—pA(p)-pC(p) = O (L.29)
ing
\
g W —
& amplitier
). B Salkanieall
circulator !
- -
cut i
G2 P> |=Pc ! Pa—>| | Ya
|
i

Be

Fig.4.5: Nomn-ideal circulator representation at amplifier
terminals.

must have no solutions in the RH p-plane for stability. For
pA(p) to represent an inherently stable amplifier it must have
no RH p-plane poles, and since pc(p) represents a passive
device, 1 - pA(p).pC(p) has no RH p-plane poles. Therefore,
a plot of 1 - pA(jw).pC(jm) must not encircle the origin of
the p-plane, i.e. the centre of the conventional Smith chart

(1,30) for stability. This is equivalent to stating that
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pA(jm).pC(jm) must not encircle the point +1 which (assuming
voltage reflection coefficients) is (®, j®) for impedance co-
ordinates or (0,jO0) for admittance co-ordinates. A new vec~
tor standing on (1,j0) is obtained, and its rotation about the

critical point is investigated. if
lpA(Jw)‘ . 'pc(aw){ < 1 (4.30)

the connected circuit isstable and independent of the relative
phases of pA(jw) and pc(jm), since encirclements of the criti-
cal point (i.e. +1) do not arise. Graphically represented,
this requires that the plot of pA(jw).pC(jw) be totally con-

tained within the conventional Smith chart.

Stability criterion in terms of gain equation

The methods just described do not provide a 'gain
equation” from which information on both gain and stability
can be derived simultaneously, e.g. from a Smith chart plot.
If Y, is the circulator admittance referred to the amplifier's

C
terminals (see fig. 4.5), then

Yb*(J“) - YA(jw)
Y. (Guw) + Y, (Ju)

P(j(n) = (4-31)

gives the actual gain response. p(jw) is obtained in prac-
tice by extracting Gc(w) from Yb(jw) + YA(jw) and plotting
the remaining admittance normalized to Gc(m) on the Smith
chart. The encirclements of the centre of the chart (-1,j0)
are investigated in the manner which has been explained.

In this context it is important to note that if a
TD reflection amplificr is known to be stable when connected to
a certain matched transmission-line, it will remain stable
when the line is mismatched if the mnew frequency response of

the amplifier has the same net encirclements of the critical
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point as for the matched line. This fact is a simple, and

yet powerful, consequence of the foregoing arguments.
4.8 McPHUN'S STABILITY CRITERION® /

McPhunb has proposed a stability criterion for TD
circuits based on the magnitude of the voltage reflection co-
efficient. 8 discussion of the implications of this cri-

terion is relevant to this chapter.*

The criterion

i

The amplifier is div%éd S 4
into any two parts: an active E;z e—ZglZp—>
part containing the TD, and the #

s R . active ! passive

remaining passive part (see fig. )
4.6). ‘p(jm)lis computed from
d.c. to wp for R = Rmin’ the mini-

Fig. 4.6: The divided

mum negative resistance of the . s
& amplifier.

TD junction. R is increased

slightly and ’p(jm)‘is recomputed. If this increase in nega-
tive resistance results in an increase in |p(jw)‘ then the
amplifier is unstable, otherwise it is staBle. This cri-

terion was derived "intuitively',.

Its application to a particular case

Consider the network of fig. 4.7. By congidera-

tions of the conservation of energy, the power gain of the

*Comments gn the criterion have been published by the
present author,® also a rcbuttal by McPhun.? Only the impor-
tant concepts which emerged from the correspondence are
reported here.
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amplifier is the same28 for any reference plane between 1

and 2; it is given by }p(jm)’z, where

Z (jw) - Z *(jw) N(jw)
p(jw) = =2 P = (4.32)
Za(jw) + Zp(j w) D(jw)
and where Z, and Z, are as shown in fig. 4.7. Since !p(jw)‘

i

C
1 icssless

O ucimne:

!
v
fT

w——

network

-

T

Zg |2y | é

o

} i
I

:
|
*
'

ZDQE“—“““
one
Rt p-pione
pole

l !

arb, 2
Z s
i
Rid p-piane
puies

Fig. 4.7: Amplifier representation: choice of reference

plane.

is independent of the reference
plane chosen, let us consider
the one nearest -R, as shown in
Fig.%4.8. The TD series resis-
tance r must, under the present
restrictions, be regarded as

part of Za'

Let

— (k.33)

Ad
FE¥

i
o

A e 4 !
% - ;B < ZCI! Zp 4

-t
I

— g

Fig.4.8: Reference plane
nearest -R.
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and
B
X. = = m——— (4.34)
S B2 + GZ
where B and G are shown in fig. 4.8. For a fixed frequency,
dR 2 - B?
- = (4.35)
G (8% + ¢%)2
and
dXS 2BG
—_— . (4.36)
dG (B2 + ¢?)2

Assume, for example, that B > G. Then

-5 < 0 (4.37)

. (4.38)

i.e. as R increases, RS increases and XS decreases. From
fig. 4.9 (a) it is clear that a point in quadrant 2 of the

Z-plane moves closer to the origin. Thus LD(jw)i decreases.
Since a corresponding point of N(jw) is displaced laterally to

the left by 2R',
NGw) | > |cGw)] . (4.39)

Now

2 o)
a lp(iwl lD(jW)! ngéiﬂl - |N(ju

dR IpGo)P

dip(ju)!
)' déJm)

i (4.40)
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but
alN(ju)|
—_— < 0 o (LJb)
dR
and
a|D(juw)l
—— <0, (4.42)
dR
and if
a|N(ju)] a|p(jw|
dR dr
then

d |p(jw)
—_—

dR

. (&.44)

Depending on how much greater than unity [p(jw)l
is (4.44) will also be true even when (4.43) is violated.

The circuit is often unstable when Za(jw) + Zp(jw) passes
through quadrant 2, as there may not be one CCW encirclement
of the origin as a result. McPhun's criterion is valid in
this case; e.g. see fig. 4.9 (b): as R increases this locus
passes through the origin (gain infinite), and then becomes
stable (gain falls), leading to fig. 4.9 (c).

Fig. 4.9 (d) represents a possible exception to the
criterion, since !p(jw)l could increase with R, and yet the
circuit is stable. This ambiguity has arisen because the
phase of p(jw) has not been taken into account in the cri-
terion.

The tendencies for a point in the Z-plane when
B < G are shown in fig. 4.9 (e). Fig. 4.9 (f) shows the
effect of increasing R on a TD impedance plot ZD(jw); the
combined effects of figs. 4.9 (a) and (e) are clearly demon-

strated.
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The plot of Za(jw) + Zp(jm) must start in the LH
Z-plane for stability since it ends in the RH plane and one
CCW encirclement is required. The d.c. starting point tends
to the left as R increases (fig. 4.9 (e)), so that if the
pPlot starts in the RH Z-plané it represents an unstable cir-
cuit whose lp(jm)' increases with R, conforming to the

criterion.

4.9 Conclusion

For a matched transmission-line (or the real part of
its immittance if it is mismatched) acting as both source and
load of a reflection amplifier, the gain and stability can be
simultaneously predicted on a conventionally arranged Smith
chart whose resistance or conductance scales assume negative
values. The matched line is extracted from HT and the remain-
ing immittance is plotted (normalized) on the chart. Both
RH and LH H-planes can be mapped into the Smith chart, CCW
encirclements of the critical point, the chart centre, in the
former case remaining CCW, but becoming CW in the latter case.
The sense of the encirclements is the same whether the criter-
ion is in terms of H or p', although, for the reasons given
in section 4.5, it may often be preferable to formulate it in
terms of H.

The application of McPhun's stability criterion to a
particular circuit has not only brought to light the fact that
a criterion in terms of ‘p(jm)l alone is not infallible, but
also some interesting effects and their consequences on Z-plane

loci of changing the bias of the 1TD.
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predicted and experimental

performance of TDA 1

5«1 Introduction

The theory of chapters 3 and &4 is used to predict the
perfofmance of TDA 1, the design of which is reported in
chapter 2. Attention is focussed mainly on stable operation,
The variation of gain with s.c. stub length (fig. 2.1) is pre-
dicted, and also the gain of the amplifier when the band-
rejection filter is considered ideal (section 3.4). The
approximation that the circulator and exponential taper are
perfectly non-reflecting is made in both cases. Initially,

a procedure‘is outlined for constructing immittance curves on
a Smith chart for the TD equivalent circuit, viewed either as
a series or as a parallel arrangement.

Experinental results are presented, in particular the

gain variation with s.c. stub length at a constant bias voltage,

and the variation of gain with bias voltage for a s.c. stub



89

length. An attempt to approach the predicted performance
under ideal band-rejection filter conditions was made experi-
mentally by reducing the characteristic impedance of the
coaxial-line, increasing the resistance per square of the ter-
minating card, and (since this was also found necessary) de-
creasing the r. dimension (fig. 2.2) of the radial-line.

Some of the results reported in this chapter have

been included in reference 1 of chapters 3 and 4.

5.2 TD SMITH CHART NOMOGRAIM

The Smith chart is first calibrated for the range
of TD equivalent circuit element values required, so that this
range 1is adequately displayed over the chart: ¢, L, -R and
-G being set out along the centre line, and X and B being set
out around the imaginary axis (see fig. 5.1). The frequency
scale is set out as follows.

If a straightedge is placed on the chart, then the
product of the two numbers given by the points of intersection
of the straightedge with the outer (imaginary) axis will be

found at the corresponding point of intersection of the straight-

edge with the centre line (real) axis. Let the normalized
scale on the chart read n. Assume that the B and C scales
have been decided upon, and marked cut. It is required to
calculate ‘
B = wC = 2nfC (5.1)
wvhen £ and C are given. Then
InB = C (5.2)

where It is a constant scale factor. Thus
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T L

Im = = = == . (5.3)
Therefore

no= et (5.4)

2rfl

Choose convenient values of B and C, and obtain the correspond-
ing n by a straightedge; hence x is Imowm from (5.2). The
frequency scale is then generated from (5.4) by inserting
values for £ and marking the n scale appropriately.

Referring to fig. 5.1, let B = 100 mU and C = 2 pF.
Then n = 1.0. From (5.2):

I = qf6—§+365 = %3 second/radian/unit = 10_9.

Fron (5.4), with £ in Ge/s,

n = gTOCf = 7%95 units.

This whole process is repeated in a similar manner
to calculate X = wL, but, with a certain amount of trial and
error, all the scales can be adjusted so that they ncatly fit
in with each other. All the operations are carried out with
a straightedge, a »air of dividers, and a pencil, The pro-
cesses of inversion and addition, and so on, on a Smith chart
are the familiar ones.

A sununary of the instructions for using the nomogram
follows:

1) Locate £, C; find jB
2) Invert -R to give -G

3) Add -G + jB '

L) Invert to give -R' + jX{!

5) Locate £, L; find jX
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6) Add r + jX to &) to give -R
7) Invert to give -G, + B,

8) Invert -G, jBp to give -Ry, jX,

9) Continue ..

s t 9¥g

Fig. 5.1 provides an exanple of the method, culminating in a

TD impedance plot ZD(jm), i.e. as far as step 6.
5¢3 THEORETICAL CALCULATIONS

The parameter values of the TD fMullard type

4L9AAY) used in the amplifier are

R=47 9, C= 1.5 pF, r = 0.75 2, L = 0.25 nH, and

C,1 = 1-0 pFo

An initial calculation showed that its susceptance would be
tuned out at 3 Ge/s (resonant frequency of the stabilizing
netywork) by a s.c. stub length (see fig. 2.1) of 15 um;

- 35.4 Q would be left facing the 252 waveguide at this fre-

quency resulting in a gain of

/..1__.+ 1\
25 © 35.L |\

QG = = 33.7 = 15 dB.
1 1
\25 T 35.%

Addition of pacliage capacitance

Inverting the curve of fig. 5.1 (step 7) leads to
YD(jw)~—~curve (a) of Tfig. 5.2. Since no effort was made to
build the TD into the waveguide structure, its package capaci-

tance of 1 pF was assumed to be present in full. Adding C1
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to Yb(dm) gives Yi'(jm), depicted by curve {(b) of fig. 5.2.
A study of this curve reveals that ii{ corresponds to the case
of fig. 3.7 (c) which leads to fig. 3.8 (c), and apparently

has an unpleasant set of RH p-plane poles and zeros (see fig.

3.7 (c¢)). On inserting the parameter values for the TD for
which f, = 17.7 Ge/s and fx = 7.9 Gec/s into (3.26), we find

this inequality to be violated. The right hand side, which
will be referred to as Cl' is .4 pF. The use here of the
stability criterion as for fig. 3.7 (a) is justified as follows:
(i) The negative resistance component ccrresponding to
the third zero reactance point of fig. 3.8 (c) is in the region
of -240 Q. If reasonable positive resistance values given by
the stabilizing networlt are added, the resulting resistance
may remain substantially negative, and, owing to the large and
very rapidly changing reactance in this frequency region and
to the fact that the arrangement under consideration corres-
ponds to fig. 3.9 (a) (see also fig. 5.%4), a net CCW encircle-
ment of the Z-plane origin could actually occur for fig. 3.9
(a). In this case only 2 RH p-plane zeros arise and not 4
(see table 3.2).

(ii) Alternatively, the problem does not arise if the TD
igs already cut off, or more nearly so, in this region, in
which the series resistance is a very critical parameter, as
illustrated by fig. 5.3. Kim and Lee1 have found r to in-
crease markedly with freguency, and attribute this phenomenon
to skin effect. Fukui2 has also observed r to increase with
frequency. McPhun,3 on the other hand, reports that R de-
creases with frequency while the other parameters remain sub-
stantially constant. Recent discussions with colleagues in
the field of microwave applications of TDs suggest that it is

very likely that £, is not as high as low frequency measure-

R
ments imply. As seen from fig. 5.3, r would need to be barely
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Fig. 5.3: fR and Cl' as a function of r for the TD.
double its low freguency value at about 13 Gc/s for (3.26)
to be satisfied.

(iii) The third argument is that should the amplifier
turn out to be unstable at R = 47 Q , which is Rmin for this
TD, the bias can be altered to increase R and hence lower fR.

Since R/r >>1, the functional dependence of f

] n
R and C1 on R

is very similar to that on r.

Addition of stabilizing network

Fig. 5.4 is the impedance as seen between terminals
1 and 3 of fig. 3.5 (d). It was obtained by adding the sta-
bilizing network impedance plotted in fig. 2.5 to the inver-

sion of curve (b) of fig. 5.2. Fig. 5.4 combines both
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conventional and negative resistance Smith charts; the beha-
viour of this locus is like that of fig. 3.9 (a). Apart from
the negative resistance portion of the locus at low frequen-
cies (see (3.31)), the only "active!" frequency region is within
S~band.

The connected amplifier

This negative resistance portion is inverted into
the admittance chart and normalized to Yo(m), the reduced
height waveguide characteristic admittance (fig. 5.5 (a)).
The s.c. stub tuning susceptance stc(w) (fig. 5.5 (b)) is
added to give YL(jw) for three different stub lengths Z£.

From fig. 3.12 (a) and section 4.4 it is known that stable
operation prevails only when Yi(jw) encircles the critical
point (the centre of the chart) twice in a CW direction, i.e.
once in a CW direction for positive w only. Thus, only the
continuous curves of fig. 5.6 indicate stability. Notice
that the predicted gain for £ = 15 mm reaches a peak of about
19 dB above the "centre" frequency 3 Gec/s (see section 4.2).
The curve marked "ideal'" shows the calculated gain of the
amplifier based on an ideal band-rejection filter as defined
in section 3.4: one whose input impedance at the TD terminals
is identically zero in the frequency range of interest. It
was obtained by normalizing curve (b) of fig. 5.2 and adding
stc(m) for £ = 15 mm. The bandwidth for this case was
limited mainly by the s.c. stub (see section 2.3). See also

curve (iV) of fig. 5- 13-:
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5.4 EXPERIMENTAL RESULTS
Circulator response
Relevant response curves exhibited by the circulator*
used with the amplifier are plotted in fig. 5.7. The VSWR at
4%,2_ ""40
orts 2-3
» p P K
~30
ports 1-2 @
Q
3
\",,20;
<
N 4
e 450 mc/s 3| o
| / -
106 NG o e e
-10
- %
pert 2 \& I /S
" VSWR Nr ™ N
10O i H ! i j H i ! { i 1 ;! 0
28 27 28 29 30 31 32 33
GC/s
Fig. 5.7: The performance of the circulator.

*Marconi three-port rectangular waveguide Y circulator

type F1038-01; No.107;

correct.

(i)

They are:
over 10% band:

(ii) over 20% band:

frequency 3 Ge¢/s.
specifications were checlked experimentally,

isolation
insertion loss
VSWR
isolation
insertion loss
VSWR

30 dB min
G.3 dB max
1.06

20 dB min
0.4 dB max
1.2

The manufacturer's
and found to be
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port 2 was measured with ports 1 and 3 matched. The reverse
isolation between ports 1 and 2 and ports 2 and 3 were nea-
sured by the substitution method. The forward loss between
successive ports was ascertained by the same method t6 be less

than .4 dB from 2.6 to 3.3 Gc¢/s.

Dxperimental set-up

A block diagram of the general arrangement of the

apparatus is shown in fig. 5.8. The following preliminary
VEWR VSWR
amp amp

7
@-—I\N\M—-@L__T W SWD

wavemeter

VEWR
amp

Fig. 5.8: Block diagram of apparatus.

VSUR measurements were made on the TDA connected directly to
the SWD. At the freguency of maximum gain the input power
was increased until the negative VSWR began to increase, in-
dicating a decrease in return gain. The power level was then
reduced by about 10 dB to avoid this gain compression. 4The

gain of the TDA was measured by the substitution method,  as

follows. With the circulator and TDA removed, i.e. with the
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load detector directly receiving the input power, the precision
calibrated attenuator was adjusted (at a given frequency) to
produce a given deflection on the VSWR amplifier of the load
detectoxr. This procedure was repeated at 10 or 20 Mc/s inter-
vals to cover the frequency range of interest; the frequency
and the corresponding attenuator reading were recorded. The
source power was adjusted throughout to a level giving a con-
stant reference deflection on the directional coupler VSWRR
amplifier. WWhen the circulator and TDA were reconnected, the
gain for any paralieter setting of the TDA was given by the in-
crease in dB of the attenuation necessary to produce the re-
quired deflection on the load detector VSWR amplifier, after
adjusting the power level to produce the reference deflection
on the directional coupler VSWR amplifier.

A simple circuit (fig. 5.9) for biasing the TD was

constructed. See also section 2.2. for further details. A
""“( A }’—‘Wé[“"“war'"""‘w%h ., £
2k 500 bias card
Sv T o and
100 To
eo)
Fig. 5.9: The biasing circuit.

200 @ per square card was used rather than a 400 Q per square
card as it produced a biasing resistance close to 40 Q, namely
38 Q. Difficulties encountered in obtaining the designed
value of biasing resistance are attributed to the small working
area of the card and to the contact between the card and the
centre rod.

The TD was lightly attached to the centre rod of the
band-rejection filter with a dab of silver paint. The whole

unit was then screwed into the waveguide structure (fig. 2.10).



20

- GAIN DB

Fig.5.10:

for £ =

Fig.5.11:

103

15 mm.,.

Gain vs.

Gain vs.

GC/s

frequency at certain bias voltages,

¥! characteristic

bias

120

o
GAIN DB

bidas voliage

voltage at 2.96 Ge¢/s,

for £ = 15 mm.
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The other face of the TD made contact with a small, thin,
indented disc of phosphor bronze to prevent excessive force

from being applied to it, and to provide a simple means of

springing.

Amplifier performance

Note that circulator losses are included in the

measured gain curves.

25

A
; ‘tuning effect by detector
,/\é at circufator port 3

GAIN DB

GC/S

Fig. 5.12: Gain vs. frequency at certain stub lengths, for
120 mV.
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Figs. 5.10 and 5.11 show the measured gain for a
S.c., stub length £ of 15 mm. The band-rejection filter dimen-
sions were as shown in fig. 2.10, Gain vs. bias voltage is
plotted in fig. 5.11, superimposed on the VI characteristic of
the TD, which was deduced from a curve tracer.

Fig. 5.12 shows the results of varying the stub
length at a bias voltage of 120 mV. As noted in the figure,
the gain for 13 mm could be affected by mismatches at port 3
of the circulator. 34.6 mm corresponds to A/Lk at 3 Gec/s,

i.e. an o0.c. is thrown across the TD at 'centre" frequency.

An overall gain of 2 dB was observed at this setting.

20
] il 13 mm 180 me/s v 15 mm 80 mc/s
15
a /’/;\ﬁ\‘ - u/ﬁ%\ \‘\ v IDEAL
- / : \ FILTER
z 104 % /e/ J / \g\\ 15 mm
< } / \\9\ 500 me/s
© g i 14 mm 400 me/s / AN
, /cf A\
x; P15 mm
h 53 mo/s
o) WRS RPN NP WESNNNN SYUVIY SUNSU ST ST WA GUNI BUSINS SUUPUUN SUUUN SRS S
26 2.7 2.8 2.9 3.0 31 3.2 33

Gec/s

Fig. 5.13: Before and after attempts at broadbanding, and
comparison with theory.
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5.5 COMPARISON OF PREDICTED WITH EXPERIMENTAL RESULTS

Amplifier as designed

Refer to fig. 5.11. It is seen that there is a
small depression in the gain curve just above 100 mV, where
R =R, = 47 Q. Figs. 5.6 and 5.13 predict a maximum of
19 dB. An out of band parasitic oscillation could have been
responsible for this depression, possibly at about 7 Ge¢/s
(see section 2.2). As indicated by the dotted interpolation,
the gain should have reached about 19 dB. In practice, for
minimum noise,5 the TD would be operated at a bias voltage
above that at Rmin: 120 mV being suitable for this particular
TD.5’6 For this reason and because the amplifier was abso-
lutely stable at 120 mV, the performance at this bias voltage
was thought to provide a fairer comparison with the theoreti-
cal prediction. The experimental curves of figs. 5.12 and
5.13 were thus taken at 120 mV. Predicted curve (v) of fig.
5.13 has a maximum of 3.03 Ge/s, experimental curve (i) has a
maxirmmuam at 2.96 Gec/s; discrepancy: 2.5%.

Stable amplification at R = Rmin was impossible for
£ £ 13 mun. Oscillations were detected at the circulator out-
put arm (port 3) when the source was switched off. This
fact confirms the prediction of fig. 5.6. The package capa-
citance effect (fig. 5.3) is not thought to be responsible for
the depression in gain at Rmin'

Broadbanded amplifier

Two attempts at broadbanding the amplifier experi-
mentally are presented in fig. 5.13: curves (ii) and (diii).
To achieve the remarltable increase in bandwidth the following
adjustments to the band-rejection filter were necessary (see

section 2.4):
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(i) The centre rod was replaced by one whose diameter
was .181 inches to give a 10 Q characteristic impedance.

(ii) The resistive card was replaced by one whose resis-
tance per square was 400 &

(iii) The outer radius r_ of the radial-line (fig. 2.2)
was decreased by 2 mm by inserting a brass ring into the line.
Without this ring the amplifier became unstable in the region
of 2.6 Gc/s. Its presence would tend to increase the resonant
frequency of the radial—line.

(iv) It was not found necessary to alter the height of

the radial-line, i.e. the d dimension.

The predicted gain under ideal band-rejection filter
conditions is given by curve (iv) of fig. 5.13. It is em-
phasized that no account of the actual frequency responses of
either the exponential taper or the circulator was taken.

This is because no reference to the transformation of complex
loads through exponential lines was found. The approximation
was therefore made that the TD faced a non-reflecting load.
The ideal band-rejection filter could not, of course, he
realized because out of band resistive loading of the TD would
have been removed, and biasing can not be effected through a

0 Q transmission-line.

5.6 Conclusion

Making extensive use of the Smith chart, the per-
formance of the S-band TDA has been predicted, The stability
problems arising from the addition of the package capacitance
has been discussed; possible ways of overcoming the associated
theoretical difficulty have been put forward. The predicted
gain and stability of the amplifier (fig. 5.6) compares
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favourably with the experimental results. Successful
attempts at broadbanding (fig. 5.13) have been made: the best
produced at 12.7 dB maximum gain a 3 dB bandwidth of 32% (a
frequency bandwidth of 14%)based on )\g.

5.7 References

(1) C.S. Kim and C.W. Lee, '"Microwave measurement of tunnel
diodes," Microwaves, Vol.3, pp. 18-21, November 1964.

(2) H. Fukui, "The characteristics of Esaki diodes at micro-
wave frequencies," 1961 Int. Solid-State Circuits Conf.,

Digest of Technical Papers pp. 16-17.

(3) M.K. McPhun, "The equivalent circuit of *he tunnel diode,"
Proc. IEEE, Vol.52, p. 1754, December 1964.

(&) E.L. Ginzton, '"Microwave measurements," McGraw-Hill,
New York, 1957; pp. 467-469.

(5) B. Easter, "The performance and limitations of low-level

amplifiers employing tunnel diodes," Electronic Engineer-
ing, Vol.37, pp. 520-523, August 1965.
(6) M.A. Lee, "Tunnel diodes for low-noise amplifiers,"

Industrial Electronics, Vol.3, pp. 584-586, December
1965.



109

design and theoretical

performance of TDA 2

6.1 Introduction

A simple reflection amplifier (TDA 1) was success-
fully designed, constructed, and tested. It was desired next
to investigate the design of another TDA, again with the TD
mounted in S-band rectangular waveguide. Waveguide struc-
tures more readily amenable to exact frequency response
characterization were to be included. In particular, the
radial-line band-rejection filter was to be replaced with one
composed of coaxial-lines. A quarter wave transformer was
to replace the exponential taper. It turned out that a suit-
able configuration could be used both as a reflection and a
transmission amplifier. The latter type of TDA has been
considered by several authors.lh See section 1.3.

A digital computer was essential in designing this
amplifier. This is because of the non-commensurate nature
of the constituent parts, viz. circulator, guarter wave trans-

former, and inductive iris tuning in rectangular waveguide;
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coaxial-line stabilizing and biasing network; and the lumped
TD equivalent circuit. It would be a prohibitive task to
formulate an exact synthesis technique, as several authors

1,2,9-11 for such a com~

have done for commensurate networks,
bination. Extensive use of a digital computer is also pre-
ferable to graphical or approximate calculations in this case.*
An account of all the steps taken in designing and
constructing the S-band reflection/transmission amplifier is
given in this chapter. The optimization of the stabilizing
network by computer is described.** A program (the details

of which have been published by the authorl3)

which produces a
digital reflection coefficient plot was fregquently used, and
is introduced in this chapter. The theoretical gain and

stability performance of the amplifier is reported.

6.2 CHOICE OF AMPLIFIER CONFIGURATION

The most natural mount for a TD in a rectangular
waveguide is a symmetrical one in a reduced height section,
with its terminals effectively connected to the broad faces of
the waveguide. A compatible stabilizing and biasing system

must, as in the previous amplifier, be in series with the TD.

_ *All computer progratts written by the author were in
FORTRAN IV, for use on the IBM 7090 digital computer.

**An increasing interest is being shown by network design-
ers into the ideas of mathematical programming12 as a basis
for designing complicated networks by computer to have speci-
fied or optimized responses. No publication on the applica-
tion of these ideas to microwave networlk synthesis has,
however, been brought to the author's attention. For this
reason, the present technigues tend to be straightforward in
nature.
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In the envisaged coaxial~line networlk, the second resonance
would occur at a frequency three times the first one. As no
insurmountable difficulities were experienced previously by
using resistive-film cards for biasing (section 2.2), these
were to be used again.

Quarter wave transformers can be made superior to
exponential tapers of the same overall length in impedance
matching.lé—zo The possibility exists of changing the res-
ponse by altering the ZO values for the individual sections,
and any complex load admittance, e.g. a circulator's response,
can readily be transformed theoretically through the trans-
formerx.

The disadvantages associated with the use of a s.c.
stub for inductive tuning has been discussed in section 2.3.
The variation with frequency of the reactance of a rectangu-
lar waveguide symmetrical inductive iris21 is, however, al-
most linear over a substantial frequency band. This struc-
ture can be realized in a plane intersecting the TD. Using

such an iris for tuning permits the TD to be baclked either

(i) by a s.c. line of high Zy and of length Kgo/é, in
which case the TDA is of the reflection type, or

(ii) by a quarter wave transformer having one section
and leading to a full height waveguide which can

then be used as the input end of a transmission TDA.

The requirements for (i) and (ii) can be readily combined:

the reflection amplifier would have a removable plate short-
circuiting the input of the transmission amplifier. Further-
rore, the ZO of the section in question can be such as to pro-

vide a nominal match at the input port.*

*As pointed out in section 1.3, the matched transmission
amplifier is inferior to the reflection amplifier. In view
of this and because of the relatively low cost and availabil-
ity of low loss broadband circulators, and the fact that iso-
lation of the output port of the transmission amplifier is re-
quired anyway, its practical application is not foreseen.
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6.3 FREQUENCY RESPONSES IN THE p-PLANE PLOTTED BY DIGITAL
COMPUTER 12

It is very often necessary to predict changes in re-
flection coefficient p or VSWR or input H as a function of
frequency, say, caused by adjustment of some variable in the
load 6f a transmission-line, or its transformation towards the
generator. For an active load, e.g. a TDA, information on
gain and stability is required. The task is generally tedious
if done manually.

In appendix A1l details are given of a computer pro-
gram which provides a plot of active or passive real frequency
immittances as on a Smith chart, utilizing the complete p-
plane, i.e. including the p'-plane. It takes the form of a
subroutine into which 2 or Y values are fed as calculated by
the main program, and which generates a print-out of voltage
or current reflection coefficient, respectively. It was de-~
signed both as an extension of the ideas of section 4.3, and
for application to transmission-line problems generally.

The program was invaluable during the design of TDA
2e A glance at the print-out was sufficient in determining
stability, and the effects of parameter variation on the shape
of the response could be rapidly observed. See section 6.9.
The program 1is referred to hereafter by its name CHARTI1.

Examples of computer print-outs are figs 6.1, 6.9, and 6.14k.

6.4 ONE-PORT PROGRAM AND CIRCULATOR RESPONSE

It is important to know the circulator performance

when designing broadband TDAs: the stabilizing network must
£fit in with the circulator, or vice versa. Pertinent to

this section is a brief account of a program useful in obtain-

ing the input parameters of any transmission-line load,
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determined by experiment.22 This is found in appendix A2.
The experimental procedure is described at the same time.

Standing wave measurenents were carried out on port
2 of the circulator (see section 5.4), and the relevant read-
ings fed into the computer. Figs. 6.1 and 6.2 are the results
of interest here. The first shows a print-out of yc(jW)
instructed by CHART1 (section 6.3); the second shows corres-
ponding plots of gc(w), bc(w), and VSWR as a function of
fregquencye.

It was found convenient to take 2.6 and 3.3 Gc/s as
the lower and upper frequency limits, respectively, of the
amplification band. As seen in fig. 6.2, the circulator VSWR
is less than 1.2 over this band. The 'centre!" frequency in
S-band rectangular waveguide is shown in section 6.8 to be

2.93 G.C/S-
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6.5 THE OPTIMIZED STABILIZING NETWORK

6.5.1 Preliminary considerations

Without doubt, the stabilizing networlk is the most
important part of the present amplifier. The following con-

siderations have influenced its design:

(i) For the reasons given in section 6.2, it must be in
series with the TD.

(ii) Because of (i), the network must exhibit =zero input
impedance Zi(jw)* somewhere in the amplification region.
This can be accomplished theoretically by an o.c. line shunt-
ing the input to the network. The 0o.c. line can then be
transformed through a transmission-line section of the same

electrical length by Kuroda's ihden“tityzB—27

giving a s.c.

series line - it is not physically feasible in the envisaged

confifuration to have an o.c., shunt line very closec to the TD.
(iii) The parameters of the TD were chosen to be

Rmin = 435 Q v C = 2 pF, r = 1 Q, L = 12 IlH, and C1 = n3 pFo

Fig. 6.3 shows the variation of TD impedance ZTD(jw)** with R.
Because of the rapidly diminishing magnitude of RTD(w), the

positive stabilizing resistance Ri(w) should not be as high

at the high frequency end of the amplification band as at the
lower end, so as not to deteriorate the gain and noise figure.
As far as stability is concerned, less positive resistance is
required anyway at higher frequencies to cancel RTD(w). The

magnitude of Xi(W) must similarly be restricted; special care

*Z; corresponds to Z, of chapter 3 (fig. 3.5 (d)}.

**ZTD is identically equal to 1/Y1' of chapter 3.
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Fig. 6.3: ZTD(jw) for three values of R, when

C=2pF, r=19 L =.12 nH, and C, = .3 pF.
a: R = 45 @, fR = 11.7 Ge/s, fx = 10.1 Gec/s
b: R = 60 @, fo = 10.2 Ge/s, fy = 10.2 Ge/s
c: R = 90 Q, fp = 8.3 Ge/s, fy = 10.2 Ge/s.

N.B. Equation (3.26) is satisfied by this TD.
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is necessary to ensure that it does not get out of hand at the
high frequency (inductive) end before Ri(w) cuts the TD off.
(iv) The circulator response, especially high values of
VSWR, e.g. at 3.7 Ge/s in fig. 6.2.
(v) The waveguide cut-off frequency £_s here 2.08 Gec/s.
An infinitely long ideal rectangular waveguide is a straight-
forward case, but not so a waveguide set-up such as fig. 5.8

near £ .
(o4

6.5.2 Its configuration

The stabilizing network configuration is shown in fig.

6.4,

/
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Fig. 6.4: Prototype of the stabilizing network.

It takes the form of a three section prototype of a coaxial-
line band-rejection filter. Filters of this type whose sec-

. . ..o
tions are conmlensurate in length19’ﬁt 28

have Ri(w) and Xi(w)
symmetrical and antisymmetrical, respectively, about fo.

The necessity of some control over bhoth Ri(w) and Xi(w) (rather



119

than insertion loss, say) has already been emphasized,* coupled
with the idea of non-symmetry. Hence, it was decided to de-
velop a computer program to optimize the response of the filter
of fig. 6.4 in accordance with certain specifications.

The line lengths 31, £
the resonant frequencies foi’ foz’ 37

their characteristic admittances (normalized to the bias resis-

50 and £3 (and consequently
and fo

respectively) and
tance) Yo4* Yoo and Vo3 were allowed to vary. To use the
Kuroda identity subsequently on the o.c. shunt line (see fig.

6.5)

52 > or = zl (6.1)

4
262
o o b
2 = 9 iy 2
o o 01 >
Fig. 6.5: Kuroda identity for o.c. shunt line to s.c. series
i 1 1] —
line %ransformation. 201 = 1/(Y01 + Y02)°
| - o ?
Zoo' = Yo1%01" Yoo

*Young discusses the relations between input resistance
and input reactance of minimum reactance networks in a recent
worlk.29 The reactance of such networks is determined by the
resistance.
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Fig. 6.6: A flow diagram for subroutine STAG written to
caleulate z; (=Z;/Ry) for fig. 6.4 at any specified
freguency f.
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6.5.3 The computer program

Fig. 6.6 serves a number of purposes. It is essen-
tially a flow diagram for a subroutine* (called STAG) to cal-
culate Zi(w); it defines the variables used in the calcula-
tionBO; it summarizes the transmission-line transformations

involved,
A definition of the !specifications" 01 to 69, and

the frequencies f1 to f6 at which they operate is shown in

fig. 6.7. The specifications impose limits upon R, and X,
!
X E l ,
/ Cr
C
fa Ty, Cs ,g
h S f— b i
s % %
Ca
7 %

i
Cﬂ Py "
| c:\ Car” Tc Tc
I S ’ ’ f
¥ i Tt 13 fa s
Fig. 6.7: Specifications to shape the response of the stabili-

zing network.

*The part of the diagram between "start" and "continue"
was devised to determine when fi/2fo7 was sufficiently close
to (2J-1)n/2, where J is an integer, so that the length of the
Ith line could be taken as an odd number of quarter wavelengths
at f. This safeguards the computer from handling very large
(or infinite) values of tan 0.
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which have to be observed each time a variable is incremented.

The object of the program is to minimize U, where

U = Z [xiz(w)
9

d=3,5,7,

* (6.2)

C.
J-

Details of the complete program are found in appendix A3.

6.5.4 The present requirements

The test frequencies, f1 to fg in Gec/s were

£, = £, = 2.078, f_ = 2.6, f3 = 3.3, £, = 3.7, f5 = k.2,

and f6 = 3.5

The specifications c, to C9 in ohms with Ry = Lo, were
c, = 16, c, = 1.6, CB = 8, C, = .32, c5 = 3.2, Cg = 6.8,
C.? = 8.8, C8 = 7005, and C9 = 6.8.

A discussion of the reasons for choosing the above values
follows.

With the TD inductively tuned within the 2.6 to
3.3 Gec/s region, and with Xi(w) capacitive from d.c. to fc,
no instability problems were anticipated below fc. Two pro-
visos are necessarye. The first is that fR or fX’ whichever
is least, must be well above S-band, i.e. the TD must exhi-
bit an equivalent parallel susceptance BTD(w) which is capa-
citive and still increases with @ at S-band. The second is
that the inductive tuning reactance Xt(w) increases contin-
uously with W from d.c. into this band. Consider the curves

from O to w, in fig. 3.6(a), and O to w_, in fig. 3.6(b).

X R

*This is calculated as V by the computer and set equal
to U only when V < U. See appendix A3.
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BTD(w) for the TD of fig. 6.3 increases steadily into X-band.
Hence, with a stabilizing network of zero impedance, there
should be no intersection of the tuning element and TD sus-
ceptances below S-band. This means that below fc’ at any
rate, the situation roughly corresponds to that of fig. 3.12.

l The foregoing discussion may give the impression
that no stabilizing effect is required below the amplifica-
tion band. Points (iv) and (v) of section 6.5.1 suggest,
however, that unconditional stabilization around fc itself
is in oxrder. For this reason, C1 + RTD > 0 at fc. See
fig. 6.3. No special precautions below fc were considered
necessary, apart from Xi(W) being capacitive.

C2 to C5 were made as small as possible in accord-
ance with point (iii) of section 6.5.1. The program was
run a few times with these specifications somewhat relaxed
but with the rest applying as stated: it was observed from
the results that these specifications were not unrceasonable.

Note that the average of C_, and C4 is very nearly equal to

2
Yo

For unconditional stability above the amplification

band, 06 + RTD > 0 at 3.7 Ge/s, while C7 is as small as poss-

ible; but in any case C, + X < 0 is a good critericn to

7 D
apply. At 4.2 Ge/s, Cg + Rop > 0, and at 3.5 Gec/s c9 +
XTD < 0, with reasonable safety margins.
Initially,
U = _.1_2.{“ =T (c,®p . (6.3)
R .
b | j=315,7,9 !

{
i

-

6.5.5 Computer results and discussion

The program was run as described in appendix A3.

No difficulties were encountered in its usee. The results
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obtained are

Yo1 = 1.417001 fol = 3.100200 Ge¢/s 21 = 2.417526 cm
Yoo = 2.111000 foz = 2.699709 Gc/s £2 = 2.776155 cm
yo3 = 2,099800 fo3 = 2.899991 Gc/s 23 = 2.584426 cm.

Fig.6.8 is a plot of Zi(jw) with these values.*
Note that xi(w) is capacitive below f_  and that 22 > £, .

1
01’ foz,Aand f03

differ only slightly from 2.1, 3.1, 2.7, and 2.9, respect-

It is no coincidence that y03, £

ively. Two principal causes for this are proposed.
Firstly, the o.c. shunt line at the input (fig. 6.4) is the

predominating element in the vicinity of resonance, since

1

i . nf

JY T an m——
01 2f°1

~ 0 . (6.4)

Secondly, once trial and error values assigned to the vari-
ables satisfy the specifications, Yoq1° the first variable
incremented (see fig. A 2), tries as far as possible to make
up for the other variables before they too are incremented.

-These argunents suggest that it may be possible to
achieve a performance'fulfilling the specifications with,
say, 23 = 0. This condition can be fed into the computer as
data by setting y03 = 1, and not permitting y03 or f03 to be
incremented. The program itself is unaffected by this
change. In the present case, however,'yo2 differs from y03
by about .5%. Thus, Yoo Can, for practical purposes, be
taken as equal to y03'

*During the second set of optimization cycles, i.e. when
the initial increments of the parameters were reduced (sce
appendix A3), the sixth decimal place was allowed to vary.
None of the cycle limits was, however, reached.
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6.5.6 Addition of zi(gw) to ZTD(Jw)

A print-out of Zi(jw) + ZTD(jw) instructed by
CHART1 is shown in fig. 6.9.* Zi(jw) is taken from fig. 6.8;
ZTD(jw) is taken from fig. 6.3, for R = Rosn = 45 Q. (Fig.
6.9 was actually produced during a run of the TDA program
outlined in section 6. 9.)

A number of observations should be made. The impe-
dance has a capacitive component while its net resistance is
negative. The net resistance is positive around fc. At
the upper end of the ampltification band the plot leaves the
negative resistance chart perpendicularly to the unit circle;
but the implications of this phenomenon are not yet under-

stood.

*The frequencies are: O to 175 Mc/s in steps of 25 Mc/s;
200 Mc/s to 4.6 Ge/s in steps of 100 Mc/s. Quantization in-
evitably caused some overwritten points - hence they are miss-
ing.
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6.6 INDUCTIVE TUNING

The use of an inductive iris for tuning a TD mounted
in a rectangular waveguide does not appear to have been pre-
viously investigated. The effect of the TD on the iris re-
actance may be lilkened to its effect on the waveguide ZO'

For the purpose of theoretical predictions, the normalized

- . 21
iris reactance x, was taken from Marcuvitz as

t
x, = 2 tan® 8 {1 ‘3 [ 2 - 1} sin® Eﬂ} (6.5)
t A 2a T |~ a
g 2a,2
1 - (TX-)
where a and d are defined in fig. 6.10. This formula is
alleged to be correct within 5% for a < A < 2a. The equiva-

lent circuit is said to be valid within the range

%a < A < 2a. (6.6)
It does not seem unreasonable, however, to extrapolate this

range to include

2a < A < o (6.7)

for investigating the stability of the amplifier; and also to
take Z, as the appropriate voltage-power value (see (2.6)).
X, (= xt,ZO) is continuous from A = ® where X, = 0 to ) = 2a/3
where Xt = @, (Experimental support for some of these asser—
tions is furnished in chapter 7.) A = 2a/3 when £ = 6.23 Gc¢/s.
Equations (2.6) and (6.5) were prograrmed: fig. 6.10
shows Bt(w) of the iris for b' = .075 inches (.1905 cm). As
is seen in section 6.9, an aperture d = 4.2 cm tunes the ampli-
fier (theoretically) to a peak at about 2.93 Gec/s (see section

6.8). A program for calculating the susceptance of a s.c.
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Fig. 6.10: Susceptance of the waveguide inductive iris
ffor various values of aperturs d. The susceptance of
#a S.C. line of the same height is shown for comparison.
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line in rectangular waveguide was written. Such a line of
height .1905 cm; and length 1.71 cm produces the same suscep-
tance at 2.93 Gc/s. Fig. 6.10 compares its response with
that of the iris.

6.7 POTENTIAL STABILITY CF THE TDA

At this stage, a quantitative check on the
"potential" stability of the amplifier is in order. The
arguments of section 6.5.4 should now be seen in the light of
the addition of the stabilizing network (section 6.5.6) and
the inductive iris (section 6.6) to the TD. |

It is convenient to define the amplifier admittance

Y ' = jB + T . (6.8)
t Ai + ZTD

Fig. 6.11 shows YA'(jw) produced by inverting the curve of
fig. 6.9 and adding Bt(w) for d = 4.2 cm. It is clear that
a positive conductance can shift the plot in the range 2.6 to
3.3 Gec/s to the right past the origin. There will then be
no encirclements of the origin of the Y-plane by YA'(jw), and
hence no RH p-plane =zeros. The resulting stable curve is

similar to that shown in fig. 3.12 (b).

6.8 THE QUARTER WAVE TRANSFORMERS

It was decided to design initially a maximally flat
transformer between TD and circulator. When it was certain
the TDA was working successfully, an optimized transformer

was to be obtained by computer to increase the bandwidth.
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Fig. 6.11: Nyquist plot of Y,'{(jt) (see section 6.7).
The corresponding Y, '(p)} has no poles in the RH p-plane:
see fig. 3.11 (b)) and fig. 3.12 {(b}.
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This section deals briefly with the maximally flat
transformer, and with the single section transformer at the
input to the transmission amplifier.

In its simplest (tuned) form the TDA was to be re-

presented as fig. 6.12 (a). The gain as a transmission am-

plifier is

c = [t]? = l""1xl"2 =4 -6 dB .
(& + 1 - 3)
]
i |
|
1 i -3 4
i
i
{source) ! ioad
{a}
|
_.........? . o
1 i l &
1 section i é«-‘?i) sections 1
! | i R
] ,E, & 5 [ =
10 40
3 3
{(b)

Fig. 6.12: Simplified representation of the present reflec-
tion and transmigsion amplifiers.

Note that the input conductance to the transmission amplifier
is 1, i.e. it is matched at the input port. Its output

reflection coefficient, however, gives a return gain of



133

2 h + 2.2 -
lpol = (F—3)" = 9~ 9.5 dB.
This is 3.5 dB greater than its transmission gain. The gain

as a reflection amplifier (with the circuit to the left of the

dashed line of fig.642 removed) is

G = ‘plz = ("ll;:—;‘—%)z = 49 = 16.9 dB.

The length of each section of waveguide transformer

. 16-18
i1s

£ = f%g - *g17 g2 (6.9)
z(lgl + ng)

where kgl and lgz are the guide wavelengths at the lower and
upper frequencies of the transformer, respectively. For a
symmetrical response between 2.6 Gc/s (lgl = 19.1813 cm) and
3.3 Gc/s (xgz = 11.6931 cm), xgo = 1L.5291 which gives £, =
2.9283 Ge/s. At this frequency Z, for the full height wave-
guide is about 506 Q. The corresponding equivalent resis-
tance of the TD and stabilizing network is about - 50 Q (from
about -20 mmho in fig. 6.11). Fig. 6.12 (b) shows the con-
ductances of (a) normalized approximately to the full height
YO.
The transformation ratio of the six-section trans-
former is 13.333 : 1. Using tables given by Young16 the six

characteristic admittances are

y01 = 12074-99 Yolk = 204514
Yoo = 9-9382 Yo5 = 1.3413
y03 = 5"[*377 yO6 = 1004550

The VSWR at the band edges is 1.017.
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The transformation ratio of the single scction
transformer is 3.333 : 1. The characteristic admittance

y01' of the line is 1.8248.

6.9 THEORETICAL GAIN RESPONSE OF TDA 2

Transformation of admittances to plane of TD
Let th represent the "load" of the TDA common to

both reflection and transmission types. Let Ytr be the

tgource" of the transmission amplifier, and Bre the suscep~-
tance produced through line-yOI' of the reflection amplifier.
See fig. 6.13 (a). All admittances are referred to the
plane of the TD.

A computer program was written to calculate the
input admittance to gquarter wave transformers terminated by
any specified load. See appendix Al. Some of the results
obtained by computer are plotted in fig. 6.13 (b). th(jw)
is shown when the six-section transformer is terminated (a)
by a matched load, and (b) by the circulator (fig. 6.2).
Also depicted are Y%r(Jw) and Bre(w)' These responses are

necessary to compute the gain of the amplifier.

Gain equations

The gain of the reflection amplifier |pre(jw)[2 is
obtained (see (4.31)) from

Y rGw) - (Y, (Gw) + §B, (w))

pre(jw) = Y. (Jw) + YA'(jw) + jBre(w) * (6.10)

The. gain of the transmission amplifier [ttr(jw)lz

31

is obtained from
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reflection amplifier, {(b) calculated conductances and sus-
ceptances seen from the plane of the TD. See text.
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‘ JQGtr(w)Grt(wI
ttr(gw) = Dtr(jw) (6.11)
where
Dtr(jw) = Ytr(jw) + YA'(jw) + Y}t(jw). (6.12)

The input VSWR is obtained from [pitr(jw)l where

Y, tGw) - (¥, G0 + Y, (Gu))

p... (jw) = - . (6.13)
itr Dtr(gw)
Its output reflection coefficient is
* 3 — t 1 3
o, () Y.¢ (jw) D(Y%'L;w) + Ytr(Ju)) . 6. 14)
otr gy VJ
Stability

The stability of the amplifier can be checked by
means of a Smith chart plot. As stated in section 4.5 it is
simpler to consider stability in terms of II, in the present
case Y. It is seen from section 6.7 that there must be no
encirclements of the Y-plane origin for stability. Thus,
whether we plot (6.13) or (G.14), the criterion for stability
of the transmission amplifier is that there are no encircle-
ments of the p'-plane origin.* One is at liberty to select
 either Pity OF Poip Since their denominators are identical to
that of t_,_. The conditions for infinite gain or oscilla-

tr
tions are therefore common to the three expressions.,** In

*Compare this with the case of TDA 1 (section 5.3).

**This is hardly unexpected.
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the present case it is convenient to take Potr bhecause it

resembles p (see section 6.8). See fig. 6.1k4.

TDA prograin

A computer program embodying all the components of
TDA 2 was written. Its purpose, apart from calculating the
theoretical response of the amplifier, was to provide a
rapid means of assessing the effects of component tolerances,
change of TD, change of circulator, and any necessary modi-
fications in the stabilizing network. The usefulness of
such a program can not be overemphasized. A brief descrip-

tion follows.

(i) Any given set of TD parameters are accepted. The
computer determines whether the inequality (3.26) is satis-
fied. £ f, and Z

R’ °X TD
(ii) Zi(jw) is calculated for the configuration of fig.

(jw) are evaluated.

6.4 for any given set of parameters, and is then added to
Zpp (30D

(iidi) jBt(w) is calculated and added to 1/(Zi(jw) +
ZTD(jw)) to give . YA'(jw) for any given iris dimensions.

(div) Yit(jw), Y%r(jw), and Bre('w) are read as data.

(v) The gain and phase responses of both reflection

and transmission amplifiers are calculated from (6.10) and
(6.11), as well as the input VSWR, return gain at input and
output of the lattexr.

(vi) CHART1 is called on at various stages in the cal-
culation to provide a visual guide to the stability of the
TDA. Examples of this are figs. 6.9 and 6.14.

Gain response

Fig. 6.15 shows the predicted response of the re-
flection amplifier as a function of R and d, for a perfect

nmatch terminating the six-~section transformer.
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Curve (i) of fig. 6.16 is the response when r = O,
L = O, and Zi(jw) = 0, i.e. for an ideal stabilizing network.
The 3 dB bandwidth at 21.7 dB maximum gain is 210 Mc/s.
(Taking ./G.B = 1/TRC, where C includes 01 of the TD, this
bandwidth is 252 Mc/s. The decrease is due entirely to the
rectangular waveguide structures) Note that the iris aper-
ture needs to be 4.1 cm to "centre" the gain at about 2.93
Ge/se Curves (ii) and (iii) are the responses when only
Zi(jw) = 0. The peak gains are,however, too high for sen-
sible comparisons of bandwidth to be made. Curve (iv) is
the 45 @ curve of fig. 6.15 (a); curve (v) considers the
cffect of replacing the matched load by the present circula-
tor (section 6.4). Note that a gain depression of almost
1 B is caused by a circulator VSWR of only 1.05. The 3 dB
bandwidth at 16 dB maximum gain (curve (iv)) is 290 Mc/s.
(Taking ,/G.B = 1/TRC as before, this bandwidth is 487 }Mc/s.
This value assumes » = 0 and L. = 0 and is, therefore, rather
optimistic.)

Fig. 6.17 shows the predicted performance of the
transmission amplifier defined by its insertion gain and input
VSiIR. It is seen that the peak gain and minimum VSWR occur
at different frequencies, and also that at no point does the
VSWR ever become unity. The reasons for both phenomena are
that the assumptions of fig. 6.12 are oversimplified in rela-
tion to the interaction of the responses of the components of
the designed amplifier.

The results plotted in figs. 6.15 to 6.17 were pro-

duced by tihe TDA prograii.
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6.10 REALIZATION AND CONSTRUCTIONAL DETAILS

The stabilizing network

Applying Kuroda's identity (fig. 6.5) to the pro-
totype circuit of fig. 6.4 gives

1 —_ ] -
201 = 11.338 @ and zo2 = 7.611 Q.

The remainder of line 2 and line 3 of fig. 6.4 give

202 = 18.948 2 and zo3 =19.049 Q.

The s.c. series line (2') was to be physically shortened by
filling it with a suitable dielectric. A sample of Stycast
Hi K having a nominal dielectric constant of 5 was chosen.
The average value of dielectric constant obtained experimen-
tally from measurements at five frequencies in X-band rectan-
gular waveguide was found to be 5.08.

A dimensioned scale drawing of the stabilzing net-
worls is shown in fig. 6.18. The method of fixing the resis-
tive card to the centre rod, and of locating the centre rod
is the same as in section 2.4, A nut (not shown) with an
internal thread clamped the card down to the outer conductor
through a brass washer, whose internal diameter was the same
as that of the outer conductor.

This outer conductor of the coaxial system was
fabricated in two sections. The lower section was machined
first; a hole was drilled in a piece of the dielectric which
was then fitted over this section (see fig. 6.18). The
upper section, after machining, was fitted over the dielectric
- the components located each other very well without any
slack in a lateral direction. The stabilizing network was
fixed to the waveguide by another internally threaded nut

{not shown). Discs of resistive-film cards were punched out
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from sheets of 800 and 400 ohm per square card. Note that
the line terminated by the card has a charactieristic impe-
dance of about 20Q: a card of resistance pe: square twice
that of free space impedance would provide the necessary
40 Q@ bias resistance.

A small spring* was fixed to the end of the centre

rod to malite contact with the negative terminal ¢f the TD.

The waveguide transformers

The six section transformer and the single section
transformer of section 6.8 were milled out of a blazk of
brass. Fig. 6.19 is a scale drawing of the structure. The
outline and overall length of the waveguide containing the
transformers is shown in this figure. A transversa ridge
of width .090 in separates the transformers, and a gap of
.075 in was allowed for the TD and the inductive iriu. A
central hole (labelled *) in the ridge was to perniit location
of the TD (Mullard type ARY 16) by its pin (positive ter-

minal).

The inductive iris

It was considered that a row of closely spaced
screws would provide an adequate approximation to the irduc-
tive window. Susceptance variation could be facilitated by
this means. Consequently, 26 holes 2 mm apart were drilled
and tapped (see fig. 6.18) in the top broad wall of the wave-
guide to take 12 BA screws (.050 in diameter). The screws,
which were .3 and .4 in long, were staggered so that their
heads would not interfere. The 3/16 in thick slotted plate

soldered to the waveguide was to protect the screws from

*Servometer Corp., Part No. 2146; length .082 in,
diameter .066 in.
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accidental damage. In use the screws were either to malke
firm contact with the transverse ridge, or te be withdrawn
from the gap in the waveguide.

Fig. 6.20 is a photograph of the assembled

amplifier.

6.11 Conclusion

An account of the techniques employed in designing
an S-band waveguide TDA has been given. Strong emphasis has
been placed on the use of g digital computer for designing
and optimizing non-commensurate systems of microwave circuits,
such as the present amplifier. The design of the coaxial-
line stabilizing network is, for instance, essentially a con-
strained optimization problem.

The potential stability of TDA 2 is investigated,
and predicted curves of stable gain are given. Both the
"matched" transmission amplifier and the reflection amplifier
are basically single tuned. A typical 3 dB bandwidth of the
latter at 16 dB maximum gain is 21%, and the corresponding
i dB bandwidth of the former at 6 dB maximum gain is also
23

21%. These bandwidths are based on Xg.
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experimental performance of TDA 2

7.1 Introduction

The reflection/transmission amplifier as designed
in chapter 6 failed to work as a stable amplifier. This
chapter describes the extensive measurements made on all the
Passive constituents in an attempt to ascertain the cause
of the failure. A rather arbitrary narrow band stabilizing
filter was made to see whether stable operation was at all

possible in the present configuration.
7-2 DBRIDGE BIASING CIRCUIT

A number of authorsl~4 have described bridge circuits
for biasing the TD and for displaying its V-I characteristic.

The idea is to balance out the stabilizing resistor (here a
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resistive-film card) before connecting the TD - then feed the
bias voltage to the horizontal deflection and the balance
detector current (proportional to the TD current) to the ver-
tical deflection of an oscilloscope. The TD current for the
circuit of fig. 7.1 is equal to 2Vvert/R. The resistances
marked "balance" and "scale!" are provided by resistance

boxes, The 56 € fixed resistors of the bridge were carefully

selected to be very nearly equal.

2 500

§ balance

! o
horiz.
derl.  dummy
Fig. 7.1: The bridge biasing circuit at low frequencies.

The bias voltage could be swept by supplying a low
frequency a.c. voltage which is rectified before being
applied to the bridge. The stability of the TD in its wave-
guide mount could be checked at any time by this means, since
a smooth continuous V-I characteristic would indicate the
stable condition, whereas a discontinuity would indicate instao-
bility. The balance arm provides a direct rcading of the

resistance of the resistive-film card.
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7.3 FAILURE OF TDA 2 TO AMPLIFY

A Mullard type AEY 16 TD was obtained, whose para-
meters closely matched the one of section 6.5. The para-
meters were, nominally,

Ry = 47 9, C= 2 pF, v = .95 9, L = .12 nH, and C, = -3 pF.
(C at the valley voltage was quoted as 2.5 pF.)

When the amplifier was ready, it was connected to
an experimental set-up similar to that shown in fig. 5.8,
but without the circulator,. A brass plate was bolted to the
"input" of the structure to test it as a reflection amplifier.
The method was to observe the VSWR of the device as a func-
tion of frequency when the TD was biased in the negative
resistance region (see section 4.3). Exhaustive tests and
experimental adjustment of parameters, e.g. bias voltage and
iris screws (section 6.10) and resistive-film card, failed
to induce the TDA to amplify. The TD was replaced by others
of both lower and higher fR without success.

The V-I characteristic was swept as described in
section 7.2 and displayed on an oscilloscope. It was seen
that for all iris screw positions the amplifier was un-
stable, indicated by a moderate kink in the negative resis-
tance portion of the curve. The amplifier could only be
stabilized by wedging a .075 in brass block between the
ridge and upper broad wall of the waveguide very close to
the TD. No gain was, however obtained under these circum-
stances - only a high VSWR.

It was thought at the time that the stabilizing
network was not functioning as predicted. Possibly the
specifications for its design (section 6.5.4) were not

severe enough causing the TD to oscillate somewhere below the
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amplification band. Checks on the frequency of oscillation
could be made both by an S-band wavemeter and by the SWD
(fig. 5.8); this was generally below 2.6 Gc/s. No har-

monics were observed in S-band.

7.4 TESTING OF COMPONENT NETWORKS

At this stage it was decided to carry out systema-
tic measurements on the component networks of TDA 2. The
results are presented in some detail as they could be of

general interest.

The waveguide transformers

To facilitate the evaluation of this component,
a cylindrical brass block was made to seal off the waveguide
hole at the TD position (fig. 6.18). A slot 1/6L4 in wide
was milled in the waveguide end of the block to hold .a small
piece of resistive~-film card. The nut which fixed the sta-
bilizing network to the waveguide served the same purpose for
the blocl:z,

The reflectometer set-up of fig. 7.2 (a) was used.*
The system was calibrated by placing a s.c. at the load end
of the directional coupler, sweeping the required frequency
band, and adjusting the X-Y recorder to plot 100% reflection,
80%, 60%, etc. With the iris screws withdrawn, the stabili-
zing network and TD removed, with the waveguide hole sealed
off, and with a s.c. plate bolted to the "input" of the
structure, the return loss of the transformers was found to

be 1.5 dB. The s.c. plate was replaced by a waveguide

*Swept frequency measurements on the transformers were
carried out at MMullard Research Laboratories, Surrey.
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matched load; the experimental response thus obtained is
compared with the predicted one in fig. 7.2 (b). Agreement
is close. A piece of resistive-film card of 100 2/square
(size about .15 in by .15 in) was inserted at the TD position
and held in the 1/64 in slot. A very small amount of silver
paint was carefully applied to the top and bottom ends of the
card to ensure contact to the waveguide. The s.c. plate

was then bolted baclk on to the waveguide. The reflectometer

results obtained under these conditions are shown in fig.

7.2 (c). The card was removed and its d.c. resistance was
mecasured. This was between 41 and 44 2 depending on the
Pressure the contacts made with the card. The resistance

required to match the 6 section transformer at 2.93 Gc/s is
38 Q. Thus a VSR between 1.08 and 1.16 was expected at
this frequency. Experimental agreement is again close.

The theoretical curve of fig. 7.2 (c) is for a perfect match

at the card position.

Comparison of iris with s.c. line

A rectangular brass blocl: wvas milled to £ill the
single section transformer to within .075 in of the top.
See fig. 6.19. A movable s.c. plunger was made from a
sheet of phosphor bronze bent round a stiff rectangular
sheet of aluminium, the widths of both sheets being equal
to the broad dimension of the waveguide. The bend in the
phosphor bronze was the leading edge which made firm contact
with the brass block and the top wall of the waveguide.
The block was held in position by the s.c. plate out of which
a slot had been milled to malie way for the movable s.¢-
plunger. The position of its leading edge from the plane
of the iris screws was equal to the distance of a transverse
line scratched on it from the exterior surface of the s.c.
plate. The arrangenent is very similar to the tuning sec-

tion of TDA 1 (fig. 2.10),
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As previously, a piece of resistive-film card was
located in the TD position. Its dimensions were approximate-
ly the same as before, but its resistance was 50 R/square.
Two experiments were made at 2.93 Gc/:s using the set-up of
fig. 5.8 (without the circulator). In the first experiment,
the single section transformer (empty) was terminated by the
s.c. plate to produce an o.c. at the card. The VSWR was
the measured for each setting of the iris screws.* In the
second, the space behind the screws was filled by the block
and s.c.plunger (as described earlier). All ids screws
were withdrawn, and the VSWR was measured against distance
of the s.c. from the card.

Fig. 7.3 shows the experimental results as ins
aperture against distance of the s.c. plunger from the card
necessary to produce the same VSWR. The theoretical curve
is taken from fig. 6.10 using susceptance as the common
variable. The VSWR ranged almost linearly from about 2.8
at screw 6 to 5.7 at screw 12. Note the very good agree-
ment over the iris aperture range of interest.

The validity of the experiment is justified as
follows. The load is essentially a parallel circuit formed
by a conductance (card) and a susceptance (iris or s.c. line).
For a given conductance, there is a unique negative suscept-
ance which produces a given VSWR for this circuit, as can be

seen from a Smith chart.

Determination of ZO at TD position

In view of the difficulty of obtaining exactly
38 Q(the impedance the 6 section transformer is to match to)

from a resistive-film card replacing the TD, it was decided

*The screws are numbered from O meaning no screw to 13
neaning all screws in position in the waveguide. Screw 9,
for example, means all screws up to and including the 9th on
both sides counting towards the card.
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rigs. 7.3: Iris aperture against s.c. distance to produce the
same VSWR in conjunction with a resistive-~film card mounted
in the TD position. See also fig. 6.10.

to determine the value of Z,. from a large number of cards.

The apparatus was the same gs for the VSWR experiment on the
iris screws, but with the screws removed. The VSWR was
measured for 16 pieces of card to cover a wide range of
resistance values. The results are plotted against mea-
sured d.c. resistance of ‘the cards in fig. 7.4. Zero resis-
tance was obtained from a brass pill replacing the card, and
infinite resistance by leaving the space empty. A VSWR of
12.7 was recorded in the former case, corresponding to a

return loss of 1.37 dB. The loss each way 1s, therefore,
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.685 daB. The curve in fig. 7.4 marked "theoretical assuming
residual loss of 1.37 dB" was obtained from the attenuation
scale of the Smith chart for a range of load resistance values.
This curve fits the experimental points very reasonably.

The scatter can be attributed to contact problems (i) with the
waveguide, and (ii) with the low frequency terminals of the

d.c. resistance measurement set-up.

Test of the stabilizing networl

Fig. 7.5 is a drawing of the transition that had to
be made in order to commnect the stabilizing network to a
50 Q coaxial-line through an N-type connector. A female con-
nector having a captive centre conductor (to discourage move-
ment) was adapted to contain the transition. Note that the
end to which the stabilizing network is fixed is essentially
the same as that on the waveguide in fig. 6.18. .050 in is
left to account for the protrusion of the centre rod into the
waveguide. Contact was effected through the spring on the
end of the centre rod. The dimensions of the dielectric*
filled part of the ' transition were such as to give a 50 Q
characteristic impedance.

A reflectometer bench using coaxial-lines was
available. ** The swept sources (1-2 Gc/s and 2-4 Gc/s) were
levelled externally through an appropriate directional coupler,
ana a second directional coupler sampled the reflected power.
The incident power reference vs. frequency on the logarithmic
scale of an oscilloscope was determined by placing a s.c. at

the load terminals and recorded. The s.c. was replaced by

*Polythene, dielectric constant 2.26.

**Swept frequency measurements on the stabilizing network
were carried out at University College, London.
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the stabilizing network arrangement and the corresponding
oscilloscope trace was also recorded.

The difference in dB between the incident and reflect-
ed power is plotted in fig. 7.6 for three cases: the theore-
tical curve, the experimental curve with the bias.cable re-
moved from the end of the filter, and the experimental curve
with the bias cabhle attached. The cable was a 50 Q miniature
coaxial-line of electrical length ~ 86.5 cm leading to the
bridge biasing circuit. The ripples in the third curve are
160 Mc/s apart. A at this frequency is 187 cm, therefore
A/2 = 93.5 cm, which is some 3% higher than the estimated
electrical length. The theoretical curve was calculated

using the value of the d.c. resistance of the card as actually

measured. This was 45 2. With the small working area of
the card it was not so easy to get 40 £ exactly. Card resis-
tances as close as 42 @ have been obtained. The discrepancy

is not significant to the response in the vicinity of the
amplification band, and in any case very much less than that
produced when the bias cable is attached. When comparing
the curves it should Le remembered that the discontinuity
effects are not accounted for théoretically, e.g. between
the 50 Q line and 11.3 € line (201')°

Using a coaxial slotted-line, the minimum at 3.1
Ge/s for the arrvangement was found to lie at the position
equivalent to the inner waveguide wall. The reference s.c.
plane for this cxperiment was provided by the cylindrical
brass block used in the test of the waveguide transformers
to seal off the stabilizing network, and a brass pill wedged
between this and the centre rod of the transition to form a
continuous 50 2 line.

Discrepancies between predicted and experimental
curves are most probably due to discontinuity effects. The
oscillations observed in sections 7.3 and 7.6 could not be

due to these discrepancies, however.
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7.5 LUMPED EQUIVALENT CIRCUIT FOR LOSSY TRANSMISSION-LINLS

The results of the experiment to determine Zo plotted
in fig. 7.4 suggested an alternative representation of the
lossy waveguide. This is shown in fig. 7.7. (a) is the con-
ventional representation, (b) is an approximate representation
for moderate loss. The conditions for equivalence are derived
in appendix A5. The line attenuation is equal to half the
return loss in dB when the load is perfectly reflecting. It
is shown in appendix A5 that the equivalent circuit is still
good up to a return loss of 1.7 dB, corresponding to a VSWR of
10.

o 4 o
atign=ol atten=0
«l (&}
Fig.7.7: Lumped cquivalent circuit for loSsy transmission-lines.

The residual VSWR for fig. 7.4 is 12.7, giving a residual
return loss of 1.37 dB. (This is roughly 6/7 of 1.5 dB,
which was the measured return loss of all seven sections.)
From (A.13), and with Zg = 38 Q

R, = 480 €  and Ry = 3@
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where RP = rpZ, and RS = rSZO. Using the equivalent circuit
in fig. 7.7 (b), with these element values, the VSWR as a func-
tion of RdC produces a curve which is indistinguishable (on
the same scale) from the theoretical one assuming a line
attenuation of .685 dB shown in fig. 7.4.

The circuit presented in this section is useful in
gaining a further understanding of the influence of trans-
mission-line loss on its load, be it active or passive. It
can be used in calculations involving the determination of the
stability of active devices. It can be used in one-port

microwave measurements to correct the measured load immittance

for loss between it and the slotted-line.
7.6 EXPLANATION OF THE PERFORMANCE OF TDA 2

The behaviour of the amplifier could not be explained
by the performance of the parts hitherto tested. It is pro-
posced, therefore,(and after considerable deliberation), that
the instability must be due tu the TD and/or its mount.

Recent studies by the author into techniques for measuring the
parameters of TDs at microwave frequencies4_12 revealed how
sensitive they were (particularly the inductance) to a shift

in the reference plane (to which the measurements are referred),
especially for the present TD package (fig. 1.1 (e)) termina-
ting a 50 R coaxial-line.* The concept of a "reference

plane'" may not be uniquely defined for every conceivable
mounting configuration or for all TDs. It seems usual to
replace the TD by a conducting pill of similar dimensions to

establish a reference minimum and deduce the TD parameter

*The method in mind is SWD measurements on a TD which
is biased at its valley to eliminate the junction negative
resistance.
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values from the shift in the minimum when the TD replaces the
pill.  The indlf/icance of the pill itself, which can be quite
significant is thereby removed. Recent coaxial-line measure-
ments show that the intrinsic parameters, with the exception
of r, are substantially constant from d.c. through to X-
band.12 At S-band, r is very nearly equal to its low fre-

quency value.*

Calculation of inductance of TD mount
It will be recalled that SWD measurements on the

stabilizing network showed that the minimum at the resonant

frequency of the s.c. series line was at the waveguide wall
.050 in above the TD position. This can be explained by
the impedance change produced when a low impedance line
whose input impedance is itself very small joing a much
larger impedance (50 %) 1line.

The mount of the TD is responsible for most of the
series inductance (see Getsingerlo) - a good estimate of its
possible magnitude is obtained by considering the reactance
of a solid post having the diameter of the spring(section

6.10) joined +to the upper and lower faces of a .075 in high

waveguide. From Marcuvii‘:z13
£ = 22 (sh) vnend - Lo23.
0 [o a

Hence, at 2.93 Ge/s (Xg = 14.5 cm)

X

= = .53 8.
Zg
Full height Z, is 506 €, therefore
. _ b _ =075 -
Zo = T . 506 = 3% x 506 = 28.3 Q.

*Increase in r at higher frequencies is discussed inm
section 5.3.
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This gives the unexpectedly high value of

X 15.1 Q

from which

€[

L = = .82 nH.

Adding the inductance quoted for the TD by the manufacturer
as .12 nH gives a total of .94 nH!

Stability of TDA 2

Fig. 7.8 illustrates the effect of series inductance

on the amplifier response from 1.8 to 3.3 Gc/s. The TDA
program (section 6.9) was used to compute this responsec.

The total inductance was treated as belonging to the TD equi-
valent circuit - an approximation which is valid as long as
w?c L << 1.

To interpret the curves of fig. 7.8 in terms of
stability, a prior knowledge of the number of R p-plane poles
is required. All the curves have 2 RH p-plane admittance
poles such as those exhibited by fig. 3.11 (a).** 2 CCW en-
circlements (1 for positive frequency only) of the appropri-
ate critical point are, therefore, required for stability.
Table 7.1 summarizes the pole-zero arrangements. Note in
fig. 7.8 that increasing or decreasing the aperture of the
inductive iris results in a positive or negative shift of sus-
ceptance, respectively, of the curves (parallel to the ima-

ginary axis).

[n]
*w°C1L = +12 when C, = .3 pF, L = 1 nH and £ = 3 Ge/s.

**When L = .12 ni there are no RH p-plane poles, and no
encirclements of the critical point are required for sta-
bility. See fig. 6.11.
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CCW encirclements

Curve from fige 7.8 Total P A Stable?
(a) (b)

Fig. 6.11 - - 0 0 0 yes
(i) 2 0 2 2 | 0 b} yes
(idi) 0 0 0 2 2 no
(iii) 0 0 0 2 2 no
(iv) o] -2 -2 2 4 no

Table 7.1: Pole-zero arrangement in RH p-plane for TDA 2
for various values of L.

Curve (iv), corresponding o L = 1 nH, indicates
the possibility of oscillations near the waveguide cut-off
frequency fc. Add to this the uncertainty of the behaviour
of the experimental waveguide set-up near fc, and it is not

surprising that the oscillations were observed in this region.

Dxperimental observations

The TD described in section 7.3 was inadvertently

destroyed. Another having the following quoted parameters
was available:

Rmin =519, C= 1.6 pF, r = 1.2Q, L = .12 nH, and C1 = .3 plF.
The TD was mounted in TDA 2 and was unstable for all iris
screw positions, as seen from its swept V~I characteristic.*

It was then biased at Rmin’ and a spectrum analy=zer was con-
nected to the system through a coaxial-line pad, isolator, and

coaxial to S-band waveguide transformer. With all iris

screws up to 13 in place oscillations at the following fre-

*Spectrum analyzer observations were made at Mullard
Research Laboratories, Surrey.
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quencies were detected: 2.83, 5.62, and 3.45 Ge/s. Simi-
larly for all screws up to 11: 2.55, 5.10, and 7.61 Gc/s.
(The TD then went o.c.) There can be no doubt that the

second
lower values are fundamentals followed by their £siewt and

Third . . .

secend harmonics. Thus, the TD oscillated in or below the
desired amplification band. The frequency increased with
decreasing aperture, confirming the observations made in

section 7.3.

Narrow band stabilizing network

The simplest alteration to the stabilizing network
that could be made was to change its centre rod (fig. 6.18).
A brass rod of diameter .091 in was made and fitted into the
coaxial structure with a resistive film card of 400 Q/square.
This leads to the following changes:

1 —_ — - - —_
Zg,' = 32.%Q, Zg, = 40 @,  and Zog = 4o Q.

(The value of Z was the same as before.)

1
Stablgznarrow band gain could be obtained and re-

corded on an X~Y plotter for a wide range of iris screw
settings, when the circulator was connected into the circuit.
The theoretical response of the modified stabilizing network
is shown in fig. 7.9. So long as the amplifier is stable,
it is clear that the external gain will be confined to fre-
quencies close to 3.1 Ge¢/s, regardless of TD, bias voltage or
iris setting, since the pogitive stabilizing resistance eli-
minates the TD negative resistance elsewvhere. Analysis
shows that stable gain can indeed be obtained even for
L = 1 nH, and that the situation at hand is substantially
the same as the analysis presented in chapter 5, i.e. 2 CW
encirclements by the amplifier admittance of the centre of
the negative conductance Smith chart is fulfilled. Stable

narrow band gain has been obtained experimentally with
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Fig. 7.9: Theoretical input impedance of narrow band

stabilizing network,

several TDs in accordance with the foregoing predictions.
The spectrum analyzer was always available to checlk for
instabilities at other frequencies at the same time, but

there were none.

7.7 Conclusion

It has been shown that the principal reason why
TDA 2 failed to work as designed is that a large unaccounted
for series inductance was present, associated with the TD
mount and its waveguide environment. The possibility of
such an inductance had been totally overlooked by the
author when the amplifier configuration was conceived.

The corresponding (calculated) inductance for TDA 1
is approximately twice its quoted inductance, whereas in

TDA 2 it may be at least seven times its quoted value. The



172

reasons for this are the following. The waveguide height
was smaller in TDA 1, the TD was larger (fig. 1.1), its
quoted L was larger, and the penetration of the centre rod
of the stabilizing networlk into the waveguide was much
smaller. A complete redesign of TDA 2 would be necessary
to reduce the inductive effect and allow stable broadband
operation.*

Some manufacturers when quoting an "inductance" for
their TD actually imply an "excess inductance iwith respect to
a conducting block of the same geometry" in a particular
environment, e.g. coaxial-line or rectangular waveguide.

Some authors of papers on the microwave measurement of TD
parameters rarely distinguish between these concepts, let
alone discuss any possible far-reaching implications (even
qualitatively). TDA designers usually tailor the microwave
environment arocund the TD to reduce parasitic effects as far
as possible. They are, therefore, not so susceptible to
divergences of inductance from the value quoted by the manu-
facturer. Ideally, a TD should be measured in the environ-
ment in which it is subsequently to be used, the reference
terminals being the external and therefore the accessible
ones, and not referred to a hypothetical reference plane.

All the component networks of the amplifier were
tested and found to work substantially in accordance with
theory. Finally, the performance of TDA 2 has been explain-
ed in terms of a theoretical stability analysis and the actual
experimental observations. The amplifier produced stable

gain only under narrow band conditions.

*Such a small TD package is quite unsuitable for S-band
rectangular waveguide, anyway, since, for example, the advan-
tages of the small package (reduction in L and Ci) are lost.
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general conclusions

Three broad fields have been brought together in
this study of stable, broadband tunnel-diode amplifiers in
rectangular waveguides.

The first concerns the stability of the TD in its
microwave environment. Because of the numerous non-
commensurate structures which can be used in conjunction with
the TD, and because the TD is potentially active at all fre-
quencies up to its effective resistive cut-off frequency, the
real~frequency Nyquist approach to stability has been found
the most practical one. A general method of analyzing the
stability of a TD in the immittance planes (chapter 3) is
presented. The method has been found straightforward, reli-
able, and extremely useful in gaining an understanding of the
significance of real-frequency impedance or admittance loci
for TD circuits of some complexity. The concepts involved
have been extended to the analysis of stability in the Smith
chart (p-plane) redefined to accommodate immittances with
negative real parts. The gain and stability of TD reflec-
tion amplifiers can be simultaneously predicted on this chart.

Stability has been interpreted directly in the p-plane
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(section &4.5), but as some confusion is possible when inter-
preting the arbitrary closing loop in terms of p, it is

found more convenient to formulate the stability criterion in
terms of immittance.

The second field concerns the application of digi-
tal computers to the design and optimization of microwave
networks. Although there is no doubt that many microwave
engineers do use computers,* there is a marlked absence of
reports devoted to this application. It has been fashion-
able recently teo synthesize commensurate microwave networks
by exact mathematicaltechniques. Such techniques would have
been prohibitive in the designs of TDA 1 and TDA 2, hence
the recourse ta the computer. In exact formulations one
might not be certain of realizing components with practical
values or dimensions. In a direct application of the pro-
blem to the computer, control over parameter values can al-~
ways be maintained, The optimization of the coaxial-line
stabilizing and biasing network of TDA 2 (chapter 6) necessi-~
tated the use of the computer not only for these reasons, but
because the specifications for its response were in terms
of input resistance and reactance, rather than the conven-
tional insertion loss. Control over both quantities had to
be maintained. A further use of the computer is for pro-
ducing Smith chart plots (appendix A1).

The third field concerns the design and experimen-
tal performance of two TDAs. These designs serve essen-
tially as illustrations of the interaction of the responses
of the component circuits to culminate either in stable or
unstable performance. The theoretical ideas of chapters
3 and 4 are drawn upon for this purpose. The means has

been concentrated upon rather than the end product, since

*McPhun has geported a versatile microwave networlk
analysis prograiu.
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stable, broadband TDAs have been successfully manufactured
for some years now. The experimental behaviour and res-
ponsaes of the cmplifier and its components have been con-
pared with the theoretical predictions where appropriate.
The unstable behavicur of TDA 2, in particular, has been
explained in terms of a rather farge and unaccounted for
series inductance associated with the TD mount.

The TDA has, for the reasons given in section 1.1,
gradually been losing favour in microwave applications.
There is a certain amount of interest, however, in lumped
thin-film integrated TDAs using unencapsulated TDs, from the
points of view reducing size and weight, and easing mass
rroduction. Ol:ean2 recently reported the design of such

amplifiers.
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APPENDIX

Al SMITH CIHART SUBROUTINE

Two basic methods of storing and plotting were con-
sidered. The first was to represent a square area on the
rage by a matrix. The points could be entered in any order,
the printing instructions ensuring the correct sequence.

The second was to define a row matrix containing only the
relevant points. This method would necessitate sorting the
points into the print-out sequence before the printing in-
structions could given. For a considerable number of points,
the co-ordinates of which were not explicitly related or con-
trolled, the first method would tend to use more storage
space in the computer, but take less time than the second.
The IBM 7090 was available to the author. As this machine
is not time-shaxing, it was thought that the first method
would be preferable.

Since a main program is needed to read the immi-
ttance values or to calculate them, microwave engineers un-

familiar with programming should consult their programming

advisers. Minor changes to suit user or machine may be
found necessary. The straightforward nature of the program
obviates the usual need for a flow diagram. The specific

example shovn in fig. A.1 is written in FORTRAN IV and is

briefly described as follows.



SUBDGUT INE CHARTI

COMMON SRELANEAFIING o I TYPE o NUM

COMPLEX FUNC{20) 2 eRMO

DIMENSION PNTIST¢95)C(103

BATA (C(1)vials107/1H ¢iH=-s IHXs1HO v LHA ¢ INP ¢ 1HR ¢ 1H¥ v EHNCIHS,

IFINUNSGT«200) GO TO 1S
IECITYPELEQs1) GO TO 1
IFCITYPELECQ2) GR TO 2
GC YO 1e

WRITE(6+20}

6o 1O 3

WRITE(6¢25)

NUMzNUMS ]

FUNC INUM Y SFUNCIT)

DO 4 Ma1457

DO 4 N=1495

a4 PNT{MeNI=C(1)

DO 6 N=2.98
PNT{29aNI=CE2)Y

PNT (29438120 13)
PNT(PGe1)=CLA)
PNT(29+9515CtA}
FENUM-2

DO 9 T2R4NUM

-

(¥ Y

[+

RHO= (FUNCLT3~183/(FUNCEL13#1s2

GAIN=CARSG(RHOD?
IF(GAINLGTal4) GO TO B
N=GQf ¢5+47 + FREAL tRKD)
22604528 #AIMAGIRRBC)
PNT (MsNy 2L T5)
IF(1aLTaJ} GO TO .9

IFEL4LTeNUM) PNTIMNI=CIE)
IF (T JEQalUMY PHT (MoN)=CLT7}

GO To @
ROz « /COMIG{RHO }
N=8A W5 +47 o FREAL (RHOY
Ha26,8=085 4 *A TMAG (RHOY
PNT (M NI=CLB)Y
1F(1alTad) GO TO 9

@

IF( L TeNUM) BNT (MeN) =C(9}
(FL]EQeNUMY PNT(MeNI=CLIO)
9 CONTINUE

WRITE(6¢30)

LIPNTIMINI ANS1 4951 sMa22 4132

WRITELS+35) [IPNTIMeN) JN2] +95) sM=20+57)

6o TO 100
15 WRITE(6440)
GO To 100
16 WRITF (84451
100 RETURN

20 FORMAT (| 7HI (MPEDANCE CHART o 97X 174
25 FORMAT( 1 7HLADMITTANCE CHART. 97Xe 1 TH

30 FORMAY
19H RHO-PLANE

QNP WNRN—SINDOPLUN—-

25 FORMAT

19H J W BARDLER
1SR MICROWAVE LAR
19+ ELEC ENG DEPT

19H L ONGON SW 7
19M SEPT 19865

CRNOPRPUN- DD OWE N

40 FORMATIATHITHE MAXIMUM NUMBER OF POINTS HAS BEEN €XxCEEDED:

{ 19X e98A1«17H
+38A1VITH
19X e 95AL e I M
ISXe9SAT « § 7H
I1GX e GEAL 178
1IN 95ALe 1M
19X+ PSAL1ITH
IOXBSAL ¢ | 7H
19X ¢9542 170
19X 951 ¢ 1714
19X +O5AL 01 7H
19X« DSA e 1 TH
19X+ 95A1e L 7H
19X e85A 1 7H
19X 4954 +37H
1GXsF5A 41 7H
19X FGAY e I TR
T9XePSAL 41 TH

J9H POSITIVE IMAGINARY +95A41 ¢ 17H

(1DRTEAL ¢ 1M
19X+ G5A s ) TH
19X e 9541 1 7H
19X+ 9GAY « )T
19X 9S4 e 1 TH
19X FSALe1TH
19X e9EA ¢ 1M
18X 95A1 43 7H
I9Xe95A1 ¢ 17H
19X 9SAL ¢ 1 IHO

DrI9KI5AL Y/
19H NEGATIVE [MAGINARY «385A1
12{r 9K e93A1)/

+GHAI2H
«9SAT12H
ISAY

194 IMPERTAL COLLEGE 49%AL

W 35AL1 s
«9SAY )

08 RHO VSR
08 RrO YSWR
C leO INF

550

270

i 29 177
130

1062
2 «B £33
700
3 .7 600
5.22
a 4060
.6 4409

S .67
331

& «S 300
2473

2050

& .q 229
218
1o 1e95
3 1+80
12 367
.2 185

15 ledd
17 1033
20 L%} 1e24
23 1415
29 1e07

INF «O 100

FREQUENCY/
RESPONSE 7

45 FORMATI36HITHE CHART TYPE HAS NOT BEEN DEFINED)

EnD

P j.é; « A.1:
FORTRAN IV.

TANANANANN S ANRANN N ANANANNSNSNNANN -

VRN E K-

The complete subroutine program in

1
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The first card indicates the name by which the sub-
routine is called, i.e. CALL CHARTI1. The complete COMMON
statement as shown, and a COMPLEX statement containing FUNC
(201), must appear in the main program. FUNC stands for
impedance or admittance according to whether ITYPE equals 1
or 2, and must Dbe normalized in the main program. ITYPE
also governs the page heading of the chart appropriately.
NUM corresponds to the number of points entering the subrou-

tine from the main program, in which both it and ITYPE are

explicitly set before the gubroutine is called. If these
conditions are not satisfied the program faults. See
statement numbers 40 and 45 in fig. A.1. Failure to ob-

serve the correspondence of NUM to the number of points may
result in missing points or unwanted ones.

In the present example, the maximum square area
which would fit the available page was used. This area is
provided by a 57 by 95 matrix. The DIMENSION statement
declares the size of the matrix, and also the number of char-
acters that can be plotted, here 10. The DATA statement
defines these characters and groups them in the order of im-
portance with the least important, a blank, first. Ini-
tially all the elements of the matrix are made blanks to
clear it of previous points (DO loop terminating on state-~
ment 4). Clearly, the co-ordinates can only be located in
the matrix at discrete positions. To effect this use is
made of the fact that a real variable entering an integer
register is truncated at the cecimal point. Hence, each

point is located in row }, column N by

A+2. A"lt

M = 5= 5 Iulp) (A.1)
B 2- had )

N DRy Bzf Re(p) (A.2)
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where the matrix has A rows and B columns, both of which must
be odd to ensure symmetry of the chart about both real and
imaginary axes.

The -gign is used for the centre line (zero reac-
tance or susceptance), with X at the centre point (p-plane
origin). 0 is printed at either extremity, with an extra O
on the right to indicate infinite immittance. See fig. 6.1,
for example. The +, P, and R are used for immittances with
positive real parts, the *, N, and S for those with negative
real parts. R or S characterize the first point (arrow tail),
P or N the last two points (arrow head). The sequence of
operations ensures that C(5) to C(10) can overwrite C(1) to
¢(4&); P, R, N, or S can never be overwritten by + or *, R
or S can overwrite all other characters (caused by operating
on FUNC(1) last, hence the possibility of obtaining FUNC(201)
due to NUM being increased by 1).

When the real part of the immittance is negative,
the response is reflected back into the unit circle by the

transformation (see section 4.3)

p' - — (ACB)

where p* is the complex conjugate of p, accompanied by the
appropriate change in the character representing the point.

After all the points have been assembled, they are
plotted on a new page by an off-line printer with the scales,
as shown in figs. 6.1, 6.9, and 6.14. Note that the num-
bers constituting the scales are taken to represent the
values at the middle of the lines of the computer paper.

The program is readily modified to suit alternative
scales, sizes, layouts, etc. An expanded chart could be
realized by dividing RHO in the program by the maximum magni-

tude to be displayed, and then restricting excursive points
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to the circumference, or eliminating them altogether. The
adjoining scales must, for this case, be altered or removed.
The program could also be rewritten to accommodate automatic
scaling which would be determined internally or externally
to the subroutine, and possibly generating a print-out of the
scales. The chart size can similarly be altered. For some
applications, a specially prepared transparency of a Smith
chart may be used in conjunction with the computer plot to
obtain associated parameters more accurately, e.g. the phase
of p. .

It is felt,however, that the whole p-plane merits a
subroutine of its own, such as the one described here, as it

is so frequently used.
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A2 PROGRAM FOR ONE-PORT MEASUREMENTS

The reference plane (input to load) can be found
by placing a s.c. at the end of the slotted-line and extra-
polating the positions of the minima indicated by the SWD by
an integral number of half wavelengths for at least two
different frequencies until the minima coincide in position.
A value (positive or negative as necessary) consistent with
the scale of the slotted-line is assigned to this position.

The program used accepts any number of sets of
readings, any waveguide cut-off frequency fc including zero,
and the VSWR either as a ratio or in dB. For each set of
readings (when the load under test is connected to the
slotted—line), 4, 6, or 8 corresponding positions about the
minima can be processed to provide one "average" position of
a minimum and the average value of kg; and 2, 3, or 4 values,
respectively, of VSWR read from the SWD to provide an average
value s which is used in the calculation. The normalized

input impedance to the load is given by

_ 1 -~ st ]
Zi T s -3t (A.L)
where
t = tan 6 = tan—%—zt—g- (A.5)
g

and where d is the distance from the "average'" position of
the minimum to the known reference plane.

To prevent the computer from evaluating the tan-
gents of large 0 (accompanied by the inevitable loss in
accuracy) the following instruction was built into the pro-

gram:
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8 = 0 - n x Integral part of {.5+8/m} . (A.6)

This instruction reduces 6 to its equivalent between -7/2
and /2 for tangent calculations.

The tabulated print-out of results includes fre-
quency obtained from

A
£ = (fcz + cz/xgz)2 . (A.7)

kg, VSWR, reflection coefficient, return and transmission

losses in dB, r., x., g and bi' CHART1 is incorporated

i i i?
as a subroutine: this provides a plot of either Z, Or Yi,

as desired.
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STABILIZING NEITWORK PROGRAM

(i)

(ii)

(iidi)

(iv)

(v)

Summary

The program consists of five pa-ts:

OPT, the main program. This reads all the data,
instructs execution of the tri:l and error loops
and the optimizaticn process.

STAG, a subroutine which calcul: tes the input
impedance of the stabilizing net rorlk shown in
fig. 6.4 at any specified frequercy. See fig.
6.6 for the flow diagram.

TEST, a subroutine which compares input resistance
or input reactance of the metwork 't frequencies
f1 to f6 determined by the operator with speci-
fied test values C, to c9 (see fig. 6.7).

Control is returned to the main program if any

specification is violated. V (see 1'ig. A.2) is
calculated by this subroutine. See 32quation
(6.2).

FREQ, a subroutine which arranges the :alculated
frequency response into a form convenic¢nt for

printing out (with the current values of Yoq to
o1 to fo3
XYPLOT,* a subroutine which instructs a graphical

print-out of the resistance and reactance as a

Yoy and £ ) and for feeding int»

function of frequency.

The program was written in FORTRAN IV and used on the IBM 7090.

*Devised by P. Newbold, Electrical Engineering Dept.,
Imperial College, London, March 1965.
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Start of Optimization

BN g

?

> ﬁ o -
200 0O~

.

IFOMI=FOM) - AXAFO(MY  [Yol)=You) - AXAYOW)

|caic. freq.
response

PRINT
results

[AYO0)= BYOUJ) X AYO)]

w
[AFOUd)= BFO(J) X AFOU)]

Fig. A.2: A flow diagram of the optimization loops of the
stabilizing network program. YO0 and FO correspond to y
and f,, respectively. Z; is calculated by STAG; calcu-
lation of V and "test!" is effected by TEST; FREQ is called
to instruct the calculation of the frequency response of

Zj by STAG, and the printing out of the results in tabular
form, and graphically through XYPLOT. See text.
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Description of OPT

The essentials of this program are presented partly

as an algorithm and partly by a flow diagram (fig. A.2).

1)

2)

3)
&)

-

5)
6)

7)
8)

9)

10)

11)

Read 21 integers and 7 associated scale factors to
determine the trial and error cycles for the Yo and fo
Parameters and the frequencies for the desired frequency
response.

Read 6 test frequencies f_, to £

Reud 4 integers JL, LL, Ké, and KL which limit the num-
ber of iterations around the optimization loops (see
fig. A.2).

Read 3 values each for subscripted variables AYO, BYO,
AFO, and BFO for adjusting the step width.

Read the bias resistance value Ry (for normalization)

and 9 test numbers c1 to C. (in ohms).

9
Normalize the Cs to Rb'

Calculate U = c32 ; cs2 + c72 + 092.

Stoxre this first value of U in V.

f f £f .

Set values for Yo1° 02 03

YOZ k] y03 1
Call "TEST". (TEST calls STAG).

o1!

If any specification is violated go to (11).
If V> or = to U go to (11).
Set U = Va

Store the present values of Yoq1? f

YOz’ YO31 fO]_’
at the same time overwrite any previously stored

values.

Continue with next iteration from (5) until loops are

completed.
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12) If U < W go to (15).
13) Write "THE SPECIFICATIONS CANNOT BE MET".
14) Stop.

15) Put Yo1' Yoz® Yo3 £o40 foor fo3 equal to the respective

stored values.
16) Call "FREQ". (FREQ calls STAG and XYPLOT).

17) Start of optimization. See fige. A.2.

Appropriate comments for fig. A.2 are:

Ca THE LIMIT OF THE CYCLE HAS BEEN REACHED

Cb THE TOTAL LIMIT OF THE CYCLE HAS BEEN REACHED
CC THE OPTIMUM SOLUTION IS GIVEN ON THE NEXT PAGE
Cd THE TRIAL AND ERROR VALUES ARE BEST, RECOMMEND

FINER STEPS

I(maximum value 6) determines which of the Yo or £,

is incremented, e.g. I = 2 refers to yoz; I =6 refers to
f03°
change in one parameter value is made. If the limit JL is

J is the consecutive number of times a successful

reached comment Ca is printed out. K is the number of

times I has changed, limited to KL times. When K = KK

(for instance 12) the AYO and AFO values are multiplied by
the fractions BYO and BFO to reduce the step width. L is
the total number of successful changes in the parameters.
When L reaches the limit LL comment Cb is printed out. When
K reaches XL and L # O comment G is printed out; 4if L = O
comment Cd is printed out instead. The current values of I,
J, K, and L are all printed out following any of the comments.

Subroutine FREQ is called, except after Cd (because no change
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has taken place in parameter values). The choice of step
widths and limits for the loops depends on the past experience
of the operator with regard to the behaviour of the program
and on the refinements required, e.g. the number of decimal

places for the Yo ©Fr fo parameters.
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Al IMMITTANCE TRANSFORMATION THROUGH TRANSMISSION-LINES

An iterative form of the well-known transformation

for cascaded transmission-line sections is

i(n+1) 7 PnHOn

on ¥ PnHi(n+1)

H
Hip = Hpy { H

(A.8)

where n signifies the nth line in the cascade, i signifies
input, and where P = j tan BZ£. The termination of the cas-

cade is represented as the input immittance to an additional

transmission-line (which it often is). The special cases of
lines terminated by a s.c. and an o.c. are obtained for Hi(n+1)
= 0, giving

H, = P Hy . (A.9)

H = Z applies to the s.c. and H = Y applies to the o.c.
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A5 REPRESENTATION OF TRANSMISSION-LINE LOAD WHEN THE I,INFE
HAS A SMALL BUT FINITE LOSS

The conditions for fig. 7.7 (b) to approximate
fig. 7.7 (a) are derived here. The notation used is de-
fined in these figures.

It can be shown that

P, = pe20£,-2jRL (A.10)
where
z. - 1
L
p = ';]:-—'_I':——i- o (A-11)
The impedance z of the circuit of fig. 7.7 (b) is
r. =z
T,
z = rg o+ ;rj;r-—— . (A.12)
N
When z; = 0, z = rgj when z; = ®, z = rg + rp. ]pzl = Ipll
for these cases if
r_. + r
i IstT o, (4. 13)
S
where s is the corresponding VSWR. Novr
p 2
rS * r. + =z, 1
ot = P L
p Z
rS + - - + 1
P L
_ Pl + Yozp + Yoz, - Ty - Zp (h18)
P rp + Yoz 4 Yoz o+ Yoo+ Zp

Let s be fairly large, say greater than 10. Then
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Sr P = 52 > 100 .
S
Therefore
rp >> rg (A.15)
and
rgrp o~ 1. (A.16)
This reduces (A.1%4) to
ot 1 + erL - rP - ZL
1 + erL + rP + zL
_ (zL - 1)(rP - 1)
(zL + 1)(rP + 1)
(rP - 1)
T P, D
s-1 N
~ p(s+1) (Acl?)
Therefore
Py = pre2IPL p(%ﬁ%) om 23R4 (A.18)
and
~-2ak s~1 2
€ ~ 5y & -3
giving
ol = —;-nepers° (A.19)

Note that (A.19) does not depend on the "equivalent circuit”
because s is independently.defined.

Suppose =z 1. Then the VSWR produced by the

L=
circuit of fig. 7.7 (b) is given (without approximation) by



192

VSWR

1l

. (A.20)

When s = 10, VSUR 1.008; +when s = 20, VSWR = 1.002.

This is an indication of the error involved under fairly

i

large attentuations. The return losses for these values

of VSWR are about 1.7 dB and .9 dB, respectively.
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