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ABSTRACT

The induced e.m.f. method has been extended and applied to
derive the driving point impedance of a common waveguide structure
used for mounting small microwave devices. The resulting mathe-
matical relationship has been conceptually interpreted as an equi-
valent coupling circuit, terminated by a set of impedances which are
associated with the many modes within the waveguide. Properties
of this circuit and its terminations are discussed in detail. In addi-
tion the multilateral nature of the circuit allows consideration of the
mount in the waveguide as an obstacle to any incident propagating
mode. |

The driving point impedance of this mount was also consid-
ered from the experimental viewpoint. An investigation was
carried out to check and support the results of the theoretical anal-
ysis. A novel measurement technique was employed, based upon
the use of subminiature coaxial line to gain electrical access to a
terminal pair located inside the waveguide. An extensive model of
the measurement circuit was developed, which enhanced the accur-
acy of the data interpretation, and provided excellent agreement
between these values and the theory.

Measurements of the mount as an obstacle to the H1 0 mode
were made using standard waveguide techniques, and compared
favorably with the theoretical predictions.
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It is anticipated that this formulation will pei‘mit accurate
design of many components which previously required empirical

methods based on limited experimental data.
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FOREWORD

This report was prepared by the Cooley Electronics Labor-
atory of the University of Michigan under United States Army
Electronics Command Contract No. DAAB07-68-C-0138, "Counter-
measures Research."

The research under this contract consists in part of an
investigation to develop operational solid-state components in micro-
wave circuits.

The material reported herein represents a summary of a
theoretical and experimental study which was made to determine the
impedance characteristics of a commonly used waveguide mounting

structure.
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CHAPTER I

INTRODUCTION

1.1 Statement of the Problem

This report is -concerned with the impedance characteriza-
tion of the microwave structure shown in Fig. 1.1, commonly used
for mounting small microwave devices in shunt across a waveguide.
The general term "impedance characterization' implies complete
knowledge of the driving point and transfer impedances associated
with and between each and every entry or terminal port of the mount.
This information is best displayed by de\?elopment of an equivalent
circuit, represen’éing the effects of the electroniagnetic fields with-
in the region of the mount. Once such a circuit is established,
standard circuit analysis techniques can be applied when using the
mount..

In the theoretical analysis of parametric amplifiers and fre-
quency converters, general impedance functions Z(w) are assumed
to be known and are utilized accordingly as parameters when de-
termining such quantities as gain, bandwidth, stability and noise
figure. When designing low frequency (< 100 MHz) circuits, the
determination of the various impedance functions is normally
straight forward and presents no particular problem. However,

this is not the case when the frequencies of interest fall within the
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microwave
device

Fig. 1.1 Typical mount configuration with device
mounted at the bottom of the waveguide.
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microwave region. In particular, when using a structure or micro-
wave circuit such as shown in Fig. 1.1, determination of impedance
seen by the device becomes very difficult due to the complex na-
ture of the electromagnetic fields which are involved. The ques-
tion is then asked, why use such a complex structure? The answer
comes from experimental work which has shown this configuration
to work well for many applications because of the strong coupling
between the "post" current and propagated energy within the wave-
guide.

The motivation for this topic came from work done by my-
self on parametric up-converters designed around such a wave-
guide circuit. It became apparent that lack of an adequate circuit
description was sufficient to completely remove any chance of pre-
dictable success with the circuit.

‘Although initial interest in this structure was for use in
parametric circuits (especially wid;a-band design), it was obvious
a complete description would have great significance in the design
of circuits for a variety of applications. In particular this method
of mounting solid-state microwave source elements is very com-
mon. The mode of operation of a transferred-electron oscillator
(Gunn diode) has been shown to be strongly dependent on the circuit
characteristics (Ref. 1) Also, studies of the TRAPATT mode of

avalanche diode operation indicate that the impedances at harmonics
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of the oscillation frequency affect the power output (Ref. 2). Fre-
quency multipliers represent another area where the operation is
influenced by impedances at frequencies other than the input and
output (Ref. 3).

The utility and application of the work described in this report
may be expressed through the following quotation, taken from a
design paper by Getsinger (Ref. 4)..

"In order to reduce the approximations involved in design
work it is necessary to be able to describe the circuit
under consideration in mathematical terms. In order

to [ conceptually] relate the circuit to the real world, it
is necessary to be able to interpret the circuit in terms
of a physical configuration with reasonably accurate
correspondence between the predicted behavior of the cir-
cuit and the measured behavior of the physical structure.
This is particularly apparent in the microwave region
where the electromagnetic fields are distributed
throughout the entire structure constituting the circuit,
rather than, as at low frequencies, being confined to
individual circuit elements . . . Thus, the microwave
engineer often tends to think more in terms of physical
structures than in terms of conventional circuit elements.
A major portion of his work is in selecting appropriate
physical structures and finding dimensions which will
cause the structure to yield the desired performance as

a microwave component . . . Since microwave networks
are made up mostly of distributed elements, impedance
may be defined only at terminal surfaces. However it is
possible to describe microwave network impedance
variation with frequency at some terminal surface in terms
of lumped-element mathematics . . ."

1.2 Topics of Investigation

The impedance characterization sought is determined by a
theoretical approach, based on development of a formulation de-

rived from a solution to Maxwell's equations. This theoretical
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analysis is supported by an extensive experimental effort. Both the
theoretical and experimental analyses are dependent upon new tech-
niques or procedures which are developed.

The theoretical analysis is discussed in detail. A general
procedure is first dev'e10ped, then applied to the specific problem
outlined. All of the mount configuration parameters are left as
variables, so that their significance in the resulting characteriza-
tion can be determined. Of major importance in this study is the
development of a thorough understanding of how these various para-
meters affect that characterization, allowing the possibility of some
success in impedance synthesis, which is the key to successful
mount design. Té) enhance this understanding many graphs are pre-?
sented, representing various sets of parameter values, accom-
panied by detailed discussion of the dominant characteristics.

The initial objective was to determine the impedance seen
at the terminals of the mounted device. Once completed, it was
possible to interpret the resulting formulation as an equivalent cir-
cuit relating the device terminals to a set of impedances represent-
ing all the possible modes in the waveguide. The terminalé asso-
ciated with the propagating modes can be considered as input ports
for each respective mode, thus allowing description of the mount as
a load to an incident mode. This capability results in the complete

characterization desired.
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The experimental analysis was carried out to check and
support the results of the theoretical work. Each aspect of this
analysis is discussed from the design of the necessary equipment
to the final results of data interpretation. Among the several items
included are measurement circuit description, coaxial to radial

line transformation, and multimode matching considerations.

1.3 Review of the Literature

Prior to World War II, microwave technology was not the
subject of extensive research, primarily because the state of the
art in frequency sources, amplifiers and other general components
was not sufficiently advanced to include a wide availability of devices
at such high frequencies, (> 1.0 GHz). However with the advent
of radar and its strong resolution dependence upon frequency,
coupled to the wartime urgency, a large scale research and develop-
ment requirement appeared on the scene. Through the concen-
trated effort of many scientists, engineers and associate co-
workers the fundamentals of microwave technology as it is known
today were established and documented (Ref. 5. During and following ‘
this period, very few solid-state devices were available for the
microwave region. In June 1958, a paper published in the IRE

Proceedings did much to introduce solid-state diodes to the micro-

wave world (Ref. 6). This paper discussed the various properties

of the diodes and uses to which their characteristics could be put.
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Soon afterwards many technical papers appeared (Refs. 7-12).

In general, these represent theoretical analyses of different types
of amplifier and frequency converter circuits (includes harmonic
generation) to determine characteristics such as gain, bandwidth,
noise figure, stability and frequency conversion efficiency. All are
quite restricted by use of many assumptions, one being the use of
filters to control energy flow in the circuit.

For coaxial and stripline applications this is reasonably ac-
curate; however, with waveguide no comprehensive circuit descrip-
tion has been outlined and such filters are hard to realize, present-
ing a major obstacle to the application of this theoretical knowledge
to practical waveguide circuits. Getsinger, in 1966 and 1967 sug-
gested a relatively simple equivalent circuit for the waveguide
mount (Refs. 13, 14). A more complete description was discussed
by Yamashita and Baird (Ref. 15) using the variational approach in
solving for the impedance, considering the post as a radiating an-
tenna element. Then Hanson ahd Rowe (Ref. 16) following a similar
procedure to that of Yamashita and Baird introduced a coaxial line
as a tuning stub for the circuit. An equivalent circuit was developed
and used to help analyze the operation of the oscillator being in-
vestigated. These analyses have treated the impedance character-
ization of the mount but all have imposed unacceptable restrictions

on the range of mount parameters and frequency. Usually the post
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is considered to be located in the center of the waveguide, and the
device is positioned at the bottom of the guide. In addition the
waveguide height is often reduced for matching purposes, and the
frequency range is restricted to that of the dominant mode.

All of these restrictions are removed in the following analy-
sis, which is therefore of considerable generality.

No previous work was found.discussing the measurement of
the device terminal impedance. This is no doubt due to the inac-
cessability of these terminals, using standard measurement tech-

niques.

1.4 Report Organization

Chapter II presents the theoretical analysis both as a gen-
eral procedure and as an application of this procedure towards the
resolution of the impedance characterization, resulting in the de-
termination of an equivalent circuit for the mount. This chapter is
supported by Appendix A, which contains the detailed development
of the waveguide dyadic Green's function. This function is neces-
sary to describe the electric field within the guide relative to an
arbitrary current element.

An interesting low frequency limiting property of the circuit

is also discussed.
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Chapter III points out various general properties of the equi-
valent circuit developed in Chapter II and considers the effect of
having terminations other than a match on the waveguide ports. The
necessary mathematical modifications to include the terminations
are contained in Appendix B.

The chapter is concluded with a comprehensive discussion
of the mount impedance as it is affected by changes in the various
mount parameters, using graphs to illustrate key points. Appendix
C is a short discussion of the computer program used in determining
the graphs.

Chapter IV deals with the development of the equipment,
techniques and prc;cedures necessary to perform the measurement
of the mount impedance. Appendices D and E support this chapter
by respeétively expanding the discussion of the measurement cir-
cuit and the data interpretation program.

Chapter V presents the results of the experiment and com-
pares these results to the theofetically predicted values.

Chapter VI summarizes the report with a review consolidating
the major points of the thesis to establish a perspective for the con-

clusions and discussion of possible areas of related future work.



CHAPTER II

THEORETICAL ANALYSIS OF THE MOUNT

2.1 Introduction

The objectives of this chapter are to 1) develop a mathemati-
cal formulation for the terminal impedance seen by a device mounted
as shown in Fig. 1 1, and 2) to sucéessfully interpret that formula-
tion into an eqﬁivalent circuit representing the distributed circuit
effects as lumped elements. It is anticipated that such an equiva-
lent circuit will enhance understanding of the mount by providing a
means to conceptually associate various circuit elements with mount

characteristics.

2.2 General Analysis Procedure

The procedure utilized here is based upon an 'extension of the
induced e. m.f. method of Carter (Ref. 17). Itis presented here in
a form applicable to determination of the driving point impedance of
an antenna located in a region having a defined boundary, through

solution of the field equation

vaXﬁ-ﬁﬁ=qw%3 2.1)

where E and J are the electric field and current vectors and an

jwt . .
e time dependence has been assumed. For convenience, the

-10-
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procedure is described in the following series of steps:

Step 1:  Determine the dyadic Green's function G(rlr') for the
region. This is expressed in the form of a series of orthogonal

functions defined by the region.

Step 2: Express J (_r') in a general set of orthogonal functions si-

milar to those used in the expansion of G(rlT').

Step 3:  Using the equation:
BT =-jwu J GTIT) - T(x) av (2. 2)
v

determine an exbression for the electric field intensity valid any-

where within the region.

Step 4: Develop an expression for the electric field E A at the an-

tenna feed.

The Lorentz Reciprocity Theorem (Ref. 18) in a condensed
form representing the case with perfectly conducting boundaries, es-
tablishes a direct relationship between the antenna feed E A field
expression and the general E(r) described by step 3. Consider a
source current element J(1) at point 1 inside the defined region
which generates a field value E(Z) at point 2. Conversely if a cur-

rent element J(2) aligned with E(2) generated a value E(1) at
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point 1, then

[ E@) - JQ)dv = [ EQ@) - TQ) dv . (2.3)
v \'

If desirable, the E - field elements can be considered the
source functions and the current densities as induced, without

changing the relationships in (2. 3).

Step 5: Consider then the field EA from step 4 as the source
function at point 1 and E(r) a general field value at point 2. Re-
lating appropriate expansion terms through (2. 3) results in an infi-
nite set of equations, each reioresenting one of the spatial harmonic
components defined by the orthogonal function expansion. These
equations are individually interpreted to represent the equality be-
tween the power incident at the antenna feed point, and that radiated
by the antenna for each harmonic being considered. Using the fact
that the sum of each side of the infinite set of equations described
represents the total power applied to the antenna terminals, an ex-
pression is found for the input impédance (antenna driving point im-
pedance) as the sum of impedance terms representing all of the pos-

sible spatial harmonic components. An equivalent circuit is then

obtained, providing interpretation of the impedance.
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2.3 Post Mount Analysis

The general procedure described in the preceding section is
here applied to analysis of the post mount shown in Fig. 2.1. Atten-
tion is directed initially to a mount in a waveguide which is infinite
in the axial + z directions, and the results are modified to take
account of terminations in Section 3. 4.

The antenna driving point impedance Z_ determined by this

R
analysis represents the impedance seen at the terminals of a device
located in the post mount.

2.3.1 Dyadic Green's Function. The dyadic Green's

function G(r!r') required hére is the solution of the equation

2

VXV GETIT)- K GTIT)=16(FT-1) (2.4

for the waveguide boundary conditions (Ref. 19).

I 6(r - r') represents the unit dyad at r = r'. Each one
of the nine components of E(?I?') may be interpreted as represent-

ing coupling between one component of 3(%, 9, /z\) and one of

E(g\(, 9, /z\) . However the orientation of the post parallel to the y-
axis limits J to only a y-component and also necessitates consider-

ing only the y-component of the resulting E field. Therefore only

the §§-component of G(TIT') is required here.
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g' =g/b  normalized gap size

Fig. 2.1 General mount configuration with description of parameters
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where GH(-I_‘| r') represents coupling from J(r') to Hmn wave-
guide modes and GE(_I:I?') represents coupling from J(r') to
E waveguide modes.
mn
This Green's function derived in Appendix A, is dependent
upon two independent eigenvalues which are related to the dimensions

of the waveguide. Since a complete solution requires the inclusion

of all eigenvalues, a double sum results as shown in (2. 5).

-T VAVA
© o (20 ) (k*-k 2)e mn|#7%'

G(rlr') = total coupling = J’z
m=1 n=0 ab kK T
mn
*+ sin kX X sin kX X' cos ky y cos ky y (2.5)
where
mm nm 27
k=% k=%, k=%,
. 1, n=0
2
r  =k2+x%2-¥), o =
mn X y 0
0, n#0

with all dimensions specified in Fig. 2.1.
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2.3.2 Expansion of J(r). Consider first the current

density J(r). Rather than assuming a specific distribution it is
more useful to expand the current in a general orthogonal set, with
trigonometric functions to correspond to G(? | _r-') . This can be
done by taking intervals 0 —2a, 0 — 2b for the x and y di-

rections respectively. Then

3(¥) = § 3wy ul b(z-o) (2. 6a)
© 20 [ Qm
u(y) = ~—20 (Ay cos =¥ 4 BY sin —Y) (2. 6b)
0 b [ b [ b
=0
—OZO 2-6()(AX Inx , B¥ gin X (2. 6c)
u(x) = L T  cos — ¢ sin = ) .
1, z =0
6 (z-0) = |
0, otherwise

with A and B as normalized expé.nsion coefficients.

While it is desirable to leave the y distribution in this
general form, the x distribution may be specified more precisely.
In particular, following the suggestion of Yamashita and Baird
(Ref. 15) the circular post is here represented by an equivalent flat

post or strip in the plane z = 0. An equivalent width (Ref. 20)
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w = 2d, where d is the diameter of the post, was initially chosen
but was subsequently reduced to w = 1.8 d because of the proxi-
mity to the waveguide walls. This effect is discussed in Section 5. 3. 1.
The current distribution is assumed to be constant across the width

of the strip, although this distribution will actually be the sum of
many components related to the modes present in the surrounding
region. However this assumption should yield quite good accuracy
since the width will normally be small (usually w' < 0.25); this

point is discussed further in Section 3.3. Setting

W W
1, S-E§x§s+§-

u(x) = (2.7)
0, otherwise
results in
sin 6
A¥ = w cos ins f (2. 8a)
f a Qf
X frs sin ef
B, =w sin — (2. 8b)
f a Gf
where
g - Imw
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2.3.3 Determination of E(r). Substituting the expanded

forms for E(?l?') and J(r) into (2. 2), and performing the inte-

gration, yields the equation
-T

mn'z'
LA dnI e (20) -k e v ox
E(T) =-§ ) = Al B

* sin kx X Cos ky y . (2.9)

The orthogonal properties of the integration remove depen-

dence upon Bz and A;{.

2.3.4 Expansion of E A+ The assumption is made that a

voltage V exists across the feed or gap g, thus specifying a con-
stant spatial E - field = - g. For large gaps a set of spatially
varying fields should be summed for an exact representation; how-
ever the gap considered here is sufficiently small that the approxi-
mation is good. This assumption is discussed in more detail in
Section 3. 3.

Considering an expansion fbr the field at z = 0 in the re-

gion A of Fig. 2.1,

#(y) ©(x) b (z-0) (2.10a)

where
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® (20 o) T
uly) = ), S cos LY (2. 10b)
b P b
p=0
v(x) =1 (2.10c)
Sp = normalized expansion coefficient
V = voltage across the gap .

The y-distribution function «(y) is expanded only in cosine terms
because the rectangular waveguide will not support y-directed sinu-
soidally varying (with y) E - fields.

The field in region B, shown.in Fig. 2.1, will not be con-
sidered further because the current J(r') does not exist in this
region - consequently the E - field there makes no contribution to
the power relationship which is to be developed.

Describing the y-dependence then as

1, h-%gy‘§h+-§ (in the gap)

v(y) = | (2.11)

0, otherwise (along the strip)

which satisfies the zero condition along the strip, results in

sin ¢
Sp = g Cos pgh ( 5 p) (2.12)

p

where ¢p = %g, for the expansion coefficient in (2. 10b).
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2.3.5 Spatial Harmonic Equations. It is necessary to

recognize that E(1), EA’ and J(r) are all of the general form

© (o0
F(y) = ), F_= ), F' cos =% (2.13)
=0 " n=0

When a component Ej of E(_r-') is considered as a source
function at a point 1, the induced cﬁrrent at a point 2 must be of
the same spatial harmonic, i.e., component Jj' This follows from
the relationship between E and J indicated in (2.2). Therefore
it follows that (2. 3) holds for each spatial harmonic of the quantities

involved, or

for n=0,1,2,.. 0. (2.14)

The motivation for this separation of the general relationship (2. 3)
into a set of equations will become more apparent as the analysis
proceeds. |

Using (2.14), substitute in E(r), E A» and J(r) and in-
tegrate each side over the plane z = 0. The left hand side, repre-

senting the antenna gap field expansion becomes
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fa fb _ _ y (2-6 o\ b (sin ¢n)
E J dydx =-VJ wA cos. ——
o o An n o} n b ) b ¢n
=-VIn=-Pn for n=0,1,2,.. 0 (2.15)
or
2-5 sin ¢
I = ( 0) AYJ wcosk h ( n)
n b n-o y ¢n

- where Pn represents the power flow from the gap for the spatial
harmonic specified by the value of n, and J 0 utilizes the descrip-

tion in (2.7) for u(x) to correspond to #(x) in E e
n

The total radiated power P_ will then be equal to the sum

R

of all of these power terms and can be represented in terms of the

gap voltage and total current I as
} 0 0
Pp=VI-= éopn= Z;OVIH (2.16)

By defining

ZR = Gap driving point impedance = ¥
and
P 2
Z = Impedance related to nth harmonic = Yy = =0 _ v
n In I 2 pn
n

we have
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2 0 2 0

V. _ YL ¥y L (2. 17a)

Z Z Z

R n= n n=0 "n

hence

1 i" 1
- = —-— =Y, . (2.17p)
ZR n=0 Zn R

This impedance relationship is represented by the parallel
circuit of Fig. 2.2a.

2.3.6 Determination of Impedance Components. The

values for the individual Zn components are found by evaluating the

right hand side of (2.14) by integrating to get

2
2 9 ) y 9 . 2
in J0 wo (2 60) k ky ) An © sin kx S (sm 0 m)

akb m=1 1ﬂmn ‘Gm

for n=0,1,2,.. 0o (2.18)
this time utilizing (2. 6¢c) for u(x) to correspond to E(r). Since

P
Y

I2
n

Z =
n

it follows that



-93-

I
o I
Ak N )
(o -4
I =) I,
n=0 (a)
]’ | 2 kg Kpy |
. 1
Zn :> Zlﬂ
]
l g
|
Zon
J
(b) |
J

Fig. 2.2 Circuit relationships
(a) Generalized circuit for gap driving
point impedance ZR'

(b) Coupling network for a typical paral-
lel set.
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in b(k2 -k 2) © sin2 kK s sin 6 2
2 = L 2 2 zx R -
n sin ¢ - : _ 5 0
a k(2-6 ) cos2 k h n) m=l (kx + ky k) \ m
0 yo\ 9,

for n=0,1,2,..00 (2.19)

The required impedance Z_ is found by summation, in accord with

R
(2.17).

It is very worthwhile to note at this time the lack of depen-
dence of the impedance function Zrl on the assumed current distri-
bution in the y-direction u(y). This agrees with the notion that both
the current distribution and the impedance are independently deter-
mined by the physical configuration. However, as a consequence of
the above development, the y-directed current expansion coefficients
Aﬁ , and hence the total current distribution can now be determined.

Using

n

-V
I_Z
n

and substituting from (2.15) and (2. 19) results in
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sin ¢
Vakcosk h
y ¢,
AV = - -
n .2 .
9 o0 ~ sin kX S sin 6
jnd wk” - k) T

0 m1 (k2 + kyz Sx%)7 \ Oy

for n=0,1, 2,... 00 (2.20)

which can be substituted in (2. 6b). Equation (2. 20) has both real
and imaginary parts representing respectively the current contribu-
tions along the post due to propagating and evanescent modes.

2.3.7 Mode Pair Impedances. It is clear from (2.17) that

the total impedance Z. is made up of the parallel connection of an

R
infinite number of sets each one of which contains an infinite sum of
terms, thus representing all of the possible modes in the waveguide.

This formulation readily permits relating each impedance component

to a specific mode pair impedance, defined as:

2 2
k™ -k ")
jnb y
mn ak (2-5 )(k2+k2-k2)2 H E
o X y
2
. k
7 = —i0B k X (2. 21b)

Y (2.21c)
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representing a series combination of the H and E mode con-
mn mn
tributions for a (m, n) set. For frequencies below the cutoff fre-

quency the impedance Z_, contributed by the Hmn mode is induc-

H
tive and ZE for the Emn mode capacitive; consequently the com-
bination has a resonant frequency, as shown in Fig. 2.3. This re-
sonance produces the zero in the reactive region which, as seen
from (2.21), occurs when k = ky. .Since ky = %71, the zero is de-
pendent only on n and the guide height b. It should also be noted
that (2. 21) is a function only of the waveguide dimensions a, b and
the eigenvalues chosen.

The equations for ZH and ZE are derived separately by

rlT') respectively. They are not normally

using CH(?I r') uor GE(
considered separately however, unless it is desirable to perhaps
determine power levels of distinct modes. Zmn is more convenient
as a composite effect in the circuit.

The remaining terms in (2.19) are then interpreted as coup-
ling factors which determine the coupling of the strip and gap to a
particular mode pair impedance, and which are a function of width
and position of both strip and gap. In other words, all of the mode

pair impedances Zmn exist for a given waveguide, but their coup-

ling to the mount is determined by the mount configuration. Defining

sin 6

6
m

Post coupling factor « = sin k_ s (2. 22a)
pm X
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frequency —

REACTIVE == RESISTIVE
REGION REGION

(cutoff freq)

Fig. 2.3 Mode pair impedance plot,
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sin ¢

9

n

Gap coupling factor Kgn = COS ky h (2. 22b)

(2.19) may be expressed as

0 K
Z_ = m2=1 Z_ (7@‘-) for n=0,1,2,...0 (2.23)
which is shown schematically in Fig. 2. 2b.

The symmetry of the post mount about z = 0 along the z-
axis suggests separating Zmn into two parallel components, each
representing the impedance associated with either the positive or

negative z-direction. As shown in Fig. 2.4

Z = Characteristic impedance of the waveguide = 2Z .
cmn mn

(2. 24)

In particular for the dominant H10 mode

A
k_ . 21b (—g) (2. 25)
02 -k

which agrees exactly with Schelkunoff's power-voltage definition of
characteristic impedance (Ref. 21) for waveguide.

Since the mode pair impedance can be associated directly
with the impedances which the waveguide presents at the plane z = 0

for the + z-directions, it is most convenient to interpret Zrnn as



|
f f
[ | ]
Zmn = Z ¢mn ; Z cmn
l —

~Z direction ’ *Z direction

Fig. 2.4 Parallel effect of waveguide arms.
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being a termination on the mount. With this in mind the equivalent
circuit of the post mount is defined as that portion of the total cir-
cuit consisting only of the parallel sets of ideal coupling transfor-
mers which provide connection between the gap-post and all of the
individual ports of the modes, exclusive of the terminations. In
other words the equivalent circuit is strictly a coupling circuit de-
fined at the plane z = 0 and therefore not containing any energy
storage or dissipative capability. This equivalent circuit is shown

in Fig. 2.5.

2.4 ZR Low Frequency Limit

If the gap i)osition is chosen to be adjacent to the bottom of the
the 'waveguide, it is possible to consider the mount as a short length
of transmission line with its axis in the y-direction, terminated by a
short circuit at y = b (i.e., the top of the waveguide) (Ref. 22).

The cross-section of this line would be represented by two infinite
ground planes with a thin post as center conductor, as seen in
Fig. 2.6a. Standard strip-line, having a characteristic impedance

of

Z =60 In (8—a) (2. 26)
CS ™

for % > 2.0, is shown in Fig. 2.6b (Ref. 23). Fortunately, for

such a restriction on w, the characteristic impedance is relatively
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Fig. 2.6 Cross-sectional view of
(a) Waveguide mount for TEM mode

(b) Standard stripline
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independent (error < 3%) of the angular orientation of the center
conductor with respect to the sides, so that (2.26) also represents
the characteristic impedance of Fig. 2.6a. The impedance at the
gap is then equivalent to the input impedance of this shorted trans-

mission line, or

ZIN =j Zc tan(k1) (2.27)
which becomes
;b (82
ZIN =] 75 In (W) (2.28)

for 1 = b and kb << 1.0 in the low frequency case.

Looking next at Z_ we find that for k very small, Zn for

R
n > 1 becomes very large relative to Zo (i.e., n = 0) such that

the parallel effects of Zn , n > 1, can be neglected in Fig. 2. 2a.

Therefore

. 2 .
sin kX s [sin 0

k 6
X m

inbk o
AR/ =U;—— > (2. 29)
m=1 ‘

Placing the center conductor at s = a/2 to correspond to

Fig. 2. 6a gives a further reduction of

(2.30)
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Using the trigonometric identity

sin2 y =3 (1 - cos 2y) (2.31)

and the necessary series expansion relationship (Ref. 18, p. 580)

results in

Z glﬂ_ b 1n<’9i> ’

R 0y (2.32)

showing very good agreement with (2.28). This demonstrates that

the reactive energy stored in this physical structure is, as expected,

independent of the method of analysis.



CHAPTER III

PROPERTIES OF THE EQUIVALENT CIRCUIT

3.1 Introduction

The objective of this chapter is to develop familiarity with
the equivalent circuit through discussion of the various properties.
Initially we review the more general properties such as convergence,
error and reciprocity; then we conclude by considering the effect of
variation in the circuit parameter values on the detailed impedance

behavior.

3.2 Convergence Properties

Since the developed circuit (Fig. 2.5) is made up of a double-
infinite number of terms, convergence of the various impedance
functions must be insured before practical application is possible.

First consider the convergence of the set Zn for arbitrary

n. For large values of m the terms in the series decrease as

maw' 2
1 S1n D)
Lim 7Z ——>K(E> Eev— (3.1)
m —>® n —2-

which is determined by the value of the argument 2T . The sig-

2
nificance of width w must be noted at this time. As longas w # 0

the series eventually converges as 1/ m3 , but an increasing

-35-
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number of terms must be included as w —0. Consider M to be
the number of terms included in the summation. Then 6 M Mgw_’
is the argument of the final term. Fig. 3.1 shows the error due to
truncation of the summation as a function of 6 M This curve was
obtained by calculating a set of partial sums for Zrl using progres-
sively greater values of M. When the difference between two suc-
ceding Zn values was less than 0.1%, the larger value was con-
sidered as the limit or sum of the series, and all previous partial
sums normalized to this value. Percentage error was determined
relative to the final Zrl for all partial sums and plotted as shown.
If the first zero qf (sin 6 m/e m) is chosen as the truncation point,

(i.e., 6., =m) then M = % represents the number of modes to

M

consider for error = 1%. As w — 0 the configuration approaches

that of an infinitely thin post which is characterized by infinite in-

ductance, i.e., the divergent series resulting froma 1/m term
sin 6 m

variation since lim ——— =1,

6 —0 em
m

Secondly, the parallel combination of an infinite number of
sets is considered. From (2. 17) the total admittance is the result
of summing the admittances of the individual sets whose terms de-

crease for large values of n as

'\ 2
1 sin —-im;
Lim Y ——»K'(—) —_— (3.2)
R n nng _

n—aw

2
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Fig. 3.1 Truncation error for Zn°
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This is obviously of the same form as (3. 1), with different
parameters involved. The dependence on the gap size is the con-
trolling factor in the number of model sets N to include in the cir-
cuit, and similarly divergence is approached as g — 0. The di-
vergent admittance would represent a short-circuited gap which is
appropriate for g = 0. As with (3. 1) consider the truncation point
as the first zero of the sin ¢n/¢n function. Therefore N = —g—,
represents the number of sets to include.

It should be noted that whenever dealing with a physically
realizable mount, i.e., finite post and gap dimensions, the impe-
dance functions are well behaved although slowly converging. The
slow rate of convergence is not a problem however, since most pre-

cision analyses are carried out using a computer, as was done here.

3.3 Assumptions and Error

In (3.2) it is possible to see the consequences of the assumed
y-distribution of the E - field in the gap. The rate of convergence

for YR is controlled directly by the expansion coefficient Sp ex-

pressed in (2.12), and therefore will reflect any error in the dis-

tribution as error in the result. Then the approximate value Y]'R

is related to the true value YR by

') = = Yol + 4) (3.3)
n n
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where A is due to convergence error from the (sin ¢n/¢n) des-
cription for the field distribution.

However from (3.1) it is seen that the approximate
x-distribﬁtion assumed for the current on the post will produce si-
milar errors resulting in Zl'l.

Then

Z! =7 (1+ 4 (3. 4)

where A' is due to convergence error from the (sin 6 m/@ m)

description for the current distribution. Reconsidering gives

1 1 1 (1 + 4)
YL =) = = s ) o = LY (3.5)
nZ;l (1+A)nZn (1 +4') R
or
Y. = Y

for A = A', since both errors are due to comparable assumptions
in parameter distribution. In fact, the error A can also be attri-
buted to premature truncation of the Z summation. But quantita-
tively, if the Z summation is likewisne cut short, the change in the
error A' shOLrlr;d follow A so that (3.5) is still good. This is de-
monstrated in Fig. 3.2. Use of the "first zero' criteria previously

mentioned dictated M = 20, N = 30 for the limits of the respective



- 40-

- -
100 T+
ohms T
0
-100 +
M=20,N=30 —— \
4 R - +
Mz10,N=I15 =——== XR
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-200 4 M=8 ,N=12 R -+
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A 1] ] 1 L 1 ) I I
2 6 10 14 18 22

frequency  GHz

Fig. 3.2 Impedance comparison plot. C-Band waveguide
a=4.7cm, b=2.215cm, s'=0.500, h' = 0.0,
w' = 0.115, g' = 0.069. M and N represent the
number of terms retained in summing the respective
series.
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summations. This was first reduced to M = 10, N = 15 and then
M =8, N = 12 with the resulting impedances compared, indi-
cating excellent agreement. The truncation criteria can then be re-
ducedto M = ;1,—, , N = é withoht loss of accuracy.

This error compensation effect is due to the stationary na-

ture of the impedance formulation with respect to the current and

fields (Ref. 18, pp. 260-261).

3.4 Terminated Waveguide

The derivation presented so far has only considered infinite
guide length or matched conditions. This was sufficient to estab-
lish the circuit representing the post mount as shown in Fig. 2. 5.
A more practical case would include the possibility of terminating
the waveguide arms in something other than a match, e.g., sliding short,
filter element,etc. To do this a new Green's function is required,

which takes the terminating boundary conditions into account. To

GT(

terminated waveguide, was derived. This derivation is presented

satisfy this requirement, rir') i.e., the Green's function for

in Appendix B. Fortunately GT(? I't") is directly related to the

previous G(r!r') by

where



-49-

2T ¢ 2T ¢ 2T (0,+0.)

mn 1 mn 2 mn 12
;= 1+ plmne + p2mne * plmn/OZmne
. e-ZI‘mn(Q1+£2)
plmanmn
(3.6)

representing the scattered energy effect of the terminations, and

Pimn’ Pomn = complex reflection coefficients for ter-
minations 1 and 2.
121, 22 = distances to terminations 1 and 2 from

post mount plane.

This factor 7 being independent of the x, y coordinates,
is carried through all of the mathematics (equations 2.9 - 2.21) to
act directly in determining a terminated mode pair impedance,

ZTmn as

Z =7 7 (3.7)

This can be separated to represent the two arms of the wave-

guide with

y4 - representing arm #1

.
cmn 1
and

7 - representing arm #2

T
cmn 2
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where

-2 T
1+ pjmn e mn)
U 5T 7 (3.8)
1 - e o
p jmn
An interesting and expected form of T, is
Z.mn + tanh an .
7. o= = ] (3.9)
!} 14+2_ _tamh T__ o
jmn mn j
with
ijn = tei'minating impedance on arm #j normalized
to Z
cmn

which is the impedance translation transmission line formula. Note
that Zcmn is imaginary for non-propagating mode pairs.
The denominator of 7 accounts mathematically for the pos-

sible resonance between the two terminations; i. e.,

-2 I‘mn(ﬂl+£

B plmn pzmn

)
1 2

1
o

only when lpll = Ipzl = 1 and the proper phase exists with a

propagating mode.
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3.5 Multiport Characteristics

Since it was possible to isolate as terminal effects all of the
various mode pair impedances, the equivalent circuit of the post
mount was defined as a multiport coupling network. The plane
z = 0 defines the position of all ports with respect to the waveguide;
noting, as shown in the preceding section that mode terminations
must be considered as the shunt combination of the two waveguide
arms. For a propagating mode the plane z = 0 is accessible as
an input port to the circuit so that the post mount may be considered
as an obstacle in the waveguide. Normally only the H10 mode will
be propagating so that all other mode ports will be terminated in
Zcmn' Terminat{on of the opposite waveguide arm to the H10
mode, and knowledge of the characteristics Z G of the particular
device as placed in the gap, will permit accurate obstacle descrip-
tion. The circuit in Fig. 3.3 results from considering waveguide

arm No. 1 as the input port to the post mount equivalent circuit for

the H10 mode, with combined components specified as follows:

o0 K
X, = ) Z 4 (—}‘-“-) 1-w (3.10a)
m=2 pl

(3.10b)
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Fig. 3.3 Post obstacle circuit for incident H10 mode.
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2

& 1
o) ), (3. 10¢)

n=1 0 K
7y mn\«
gn

YI'{(n;é 0) = (k

Since the formulation for the modified driving point admittance

Yh(n;éO) is the same as that discussed in Section 3. 3 for YR , the
less restrictive summation criteria M = ;Vl-' , N = é, may be
used because of the compensating action. However this does not

hold for the single summation of the inductive reactance X Any

L

error in the summation will directly affect X Therefore it is

L
necessary touse M = ?NZ_' for this special case. In fact it is also
necessary to consider the error A' due to the assumption for the
current distribution. While this has not been analyzed theoretically,
the experimental work discussed in Section 5. 3.1 indicates accurate
results are obtained by use of the correction factor (1 - w').

Since w' < 0.25, this factor never becomes very large, simply
adjusting for slight tendency due to the assumed current distribution
to predict high values. The special case where the gap is shorted
out, Z G- 0, allows description of a post-in-waveguide. This

holds for any incident mode by considering the proper input port of

Fig. 2.5.

3.6 Impedance Characteristics

Using (2.17b), (2.21a), (2.22), (3.6), and (3.7) a concise

form for the driving point impedance is found as



7. = _ - (3.11)

which is represented by the circuit in Fig. 2.5 with terminated im-

pedance Z With this relationship established, it is desirable

Tmn
to take a closer look to determine what are the dominant and lesser
characteristics, and how are they controlled by parameter values.
A broad frequency range has been considered because of high in-
terest in determining impedance characteristics for harmonics of
pump and mixing frequencies in the design of parametric amplifiers
and frequency converters (Refs. 24, 25). The dominant mode fre-
quency range for the (C-Band) waveguide considered here is 4 -

6 GHz. Matched conditions are presumed in the following discus-
sion so that ZTmrl = Zmn’ It is clear from (2.21a) that once the
waveguide dimensions a and b are chosen (as has been done in
specifying C-Band waveguide), the characteristic impedances for
all modes are established. In particular this means that the scaling
and placement of the zero and pole for each mode impedance pair
Zrnn (Ref. Fig. 2.3) has been fixed. Next the coupling to the gap
must be considered. In general if arbitrary values are picked for

s' and h', both « and K will be non-zero and all modes
pm gn

will have a non-zero contribution to ZR . However special cases do
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exist where either one or both of the coupling factors may become
zero for various specific values of m, n. The best recognized
example of this is the lack of coupling to all m = even modes when
the post is centrally located (s' = 0.500) in the guide since

sin m7s' = 0 for these conditions;i.e., Kpm = 0. Other post po-
sitions can likewise decouple modes for specific values of m. More
significant however to the general characteristic is the placement

of the gap with h'; this parameter controls the coupling of the Zn
sets to the overall circuit. Equation (2.19) indicates a zero point
for each Zn which becomes the dominant characteristic seen by
the gap because of the parallel nature of the sets. Fig. 3.2 shows
this effect quite wéll with zeros presentat f = 6.77, 13.54, and
20.31 GHz, corresponding to the zeros of Zl’ 22 and Z3 re-
spectively for the general case. It is however possible to choose

h' such that cos n7h' = 0. When this is done,the associated set

Zn is decoupled so the zero is not present. This is possible for the

following conditions,

h' decoupled sets for
0.500 n=1,3,5 ©
0.250 n=2,6,10. ..
0. 166 n=3,915... o

0.125, 0.375

=
I}
JP-
[y
[\S)
[A\)
o
8
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which represent the most significant cases. The strong effect of
this change in h' on the impedance characteristic is shown in
Fig. 3.4, drawn for the first three h' values in the list above.
Note the lack or presence of zeros at 6.77, 13.54, and 20. 31 GHz
for each curve and how this feature predominantly sets the pattern.

In Fig. 3.5 the dependence upon waveguide height is shown.
Here again the dominant characteristic is the placement of the zeros
which shift to increasing frequency as b decreases. This shift
produces an increase in the real part of the impedance in the H10
region because of reduced shunting by the higher order n > 0
modes.

Fig. 3.6 c{emonstrates the relatively slight effect produced
by shifting the post sideways in the waveguide. The gap position

chosen for this graph h' = 0.250 decoupled the Z, set which re-

2

sulted in a more slowly varying impedance through the mid-frequency
range.

Fig. 3.7 indicates what can be done with the mount circuit
as an obstacle to the H10 mode. Plotted is a family of curves
representing a''tuned post' in the waveguide. The gap size is var-
ied from zero to slightly larger than 1/4 the guide height. The gap

impedance Z, is determined simply from the parallel-plate capa-

G
citance of the end of the post, which was centered to decouple the

H20 mode. This extended the dominant mode region to 7. 46 GHz
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Fig. 3.4 Driving point impedance for gap position (h') variation with
s' =0.333, w'=0.115, g' = 0.069, a = 4.76 cm,
b = 2.215 cm.
(a) Resistive component.
(b) Reactive component.
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Fig. 3.5 Driving point impedance for waveguide height (b) variation
with h = 0.076 cm, g = 0.152 cm, w' = 0.115,
s' =0.500, a = 4.76 cm. (Note: h' and g' vary for
each curve since normalized to b).
(a) Resistive component.
(b) Reactive component.
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(a) Resistive component.
(b) Reactive component.
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Fig. 3.7 Normalized obstacle reactance for gap size g variation
in C-Band waveguide. a = 4.76 cm, b = 2.215 cm,

s' = 0.500, w' = 0.115.
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the cutoff frequency for the H,, and E,, modes, thus permitting

observation of the characteristic at 6. 77 GHz, where the reactance
is independent of the gap size. Actually the reactance is indepen-

dent of any impedance Z_,. which happens to be present at 6. 77 GHz

G

because the admittance function Yﬁ(nyé 0) is infinite at this fre-

quency due to the zero of Z This interesting feature would not

1
be present if the gap were centered halfway up the post. Therefore
a great variety of passive waveguide elements may be obtained
through variation of the mount parameters.

The curves for Figs. 3.1 - 3.2, 3.4 - 3.7 were all deter-

mined using a special computer program developed for that purpose.

This program is presented in Appendix C.



CHAPTER IV

EXPERIMENTAL DEVELOPMENT

4,1 Introduction

The purpose of this chapter is to discuss the work which
went into the development of the equipment, techniques and proce-
dures necessary to arrive at an accurate means of measuring the

driving point impedance 7Z of the waveguide mount shown in

R b}
Fig. 4.1. This measurement information is desired to both aid and

support the theoretical analysis discussed in the previous chapters.

4.2 Equipment Development

Measurement of this terminal impedance would not ﬁormally
be considered possible because of the inaccessibility of the termi-
nals, which probably accounts for the lack of published material
dealing with the problem. Honever, with the advent of subminia-
ture coaxial cable and connectors it is now possible to isolate the
terminals electrically without affecting the surrounding field con-
ditions, by running the measurement circuit cable inside the post.

Initially the equipment was designed for X-Band waveguide
over the frequency range 6 - 22 GHz. This range proved insuffi-
cient to fully test the validity of the theoretical results in that the
maximum number of propagating mode‘s pairs was limited to five

by the 22 GHz equipment limitation. Therefore it was necessary

-55-
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Fig. 4.1 General mount configuration
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to reduce the lower limit by going to larger waveguide. The next
lower standard waveguide band was considered (C-Band), increas-
ing the frequency range to 3 - 22 GHz. For this range the C-Band
waveguide would support up to nineteen propagating mode pairs
(Hmn and Emn) , adequate for our purposes, thus leading to adop-
tion of this range for the study.

4.2.1 Mount Design and Construction. The design and con-

struction of the mount were considered as a single problem, be-
cause the two are so interrelated: in effect, designing to utilize the
available construction capabilities while simultaneously skirting
around construction difficulty. Most of this difficulty is due to the
flexibility desired with the position parameters h and s, which
is necessary to permit complete analysis. It is neither practical
nor necessary to provide for variation with d and g as these
values would normally be established by other criteria such as the
size of the device to be mounted. Typical values are used ‘here for
d and g. Since excellent electrical contact is required at all junc-
tions between movable parts, it is not feasible to have the para-
meters s and h continuously adjustable; rather these parameters
occupy a set number of discrete values. In this manner it is pos-
sible to ensure adequate electrical and mechanical integrity within
the system.

The mount described in Fig. 4.2 proved to work very well,

demonstrating excellent symmetry in the data for values of h
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a= 1.874" (4.760 cm)
b=o0872" (2.215 cm)

d=0.120" (0.305 cm)

g= 0.060" (0.153 cm)

h'= h/p = variable

s'= s/g = 0.250, 0.333 or 0.500
. a

/A /R A/A

0.065" (1.65 mm) ___/ \
NN
TEFLON 50 ohm \
NN
COAXIAL \
LINE

Fig. 4.2 Measurement mount
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symmetrical about the center (b/2) of the guide. This data sym-
metry was sought as an indicator of proper construction, since dif-
fering fabrication methods were required for the top and bottom of
the post.

The "measurement probe' was made by epoxy-soldering the
subminiature coaxial line in a 0. 120 inch sleeve and carefully at-
taching the center conductor to the center of the matching 0.120 inch
rod. This is then held in place by a clamp around the coaxial por-
tion, allowing vertical movement of the probe. Three sets of holes
had to be drilled for the three positions across the guide. The holes
were plugged when not in use.

The probe has a standard subminiature connector on the out-
side end on which was attached an adapter to precision 7 mm co-
axial line.

4.2.2 Waveguide Terminating Considerations. Inherent in

the objective to analyze this waveguide circuit over a wide frequency
range is the necessity to describe accurately the terminating condi-
tions for each of the propagating modes. From practical consider-
ations only a short-circuit or a match could be provided for experi-
mental purposes. The short-circuit was not used primarily be-
cause choosing its position would introduce another circuit para-
meter, adding undesirable complexity. Therefore a matched ter-

mination was required for both waveguide arms.
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To satisfy this requirement, a standard H,. waveguide

10
termination for C-Band was modified to improve its matching
characteristics for higher order modes. This was done by supple-
menting the original load with four more tapers, providing a multi-
ple load effect on the end wall similar to the configuration commonly
used in anechoic chambers. Although equipment was not available
to test the individual terminating characteristics for each mode

(above H it was possible to demonstrate the adequacy of the

10)7

system by shifting the termination with respect to the mount while

making Z_ impedance measurements. If reflections for any of the

R
propagating modes were present, they would be seen as a change in

the impedance at the mount. No changes were noted.

4.3 Measurement Circuit Modeling

To measure the desired impedance Z_ it was necessary to

R
provide connectors and adapters to get from the subminiature cable
up to the standard 7 mm size available on precision test equipment.
These elements introduced irregularities into the measurement line
which, if ignored, would produce errors in the data interpretation.
Additional difficulty was created by the necessary transmission
mode transformation from coaxial line to radial line at the gap. In
order that a high degree of confidence could be put in the data and

its interpretation, it was necessary to model these effects as an

equivalent measurement circuit. A statistical comparison technique,
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described below, was used to arrive at values defining the assumed
lumped discontinuities and line lengths involved. The resulting
equivalent circuit is shown in Fig. 4. 3.

The circuit loss was empirically determined to be

attenuation = 0.15 + 0.005 £* % 4B

where f is the frequency expressed in GHz. This effect was con-
sidered as a perturbation on the measured standing-wave-ratio
rather than as additional elements in the equivalent circuit, because
the overall effect was small and could be more conveniently handled
this way. Modeling this loss in the measurement circuit would re-
quire the use of a .complex characteristic impedance for the trans-
mission line, complicating the analysis unnecessarily.

4.3.1 Statistical Comparision Technique. The analysis of

the measurement circuit was based upon the concept that the source
of error or inconsistency in a set of data could be separated statis-
tically into two groups. First is the inherent inaccuracy in the
measurement equipment, which has hopefully been minimized by
proper measurement technique. The second is the interpretation
error due to improper assumptions about the circuit. If a simple
transmission line assumption is made for the circuit, this is in
effect a 'model" which, if different from the true circuit, will in-

troduce interpretation error. As more complex models are



-62~-

‘Iopowr jueTeAINDS }INOJIIO JUSWSINSEIN ¢ °F °*Sid

wo uy syjbua; auy (o

H 2,-01 x S3aN|DA s04onpuy  (q
3 ¢-0l x SanN|DA 40319pdod (D
:340u
Uo|40W IO jSUD I}

_ auj| |DIpPDI—XDOD
——+
. o0y

|
| oo L _
Z |_|+ N |
|

40423uUu0d ww g9l

-
_— % —

_ 281 09¢ v.8°F _ 0o'8 €6’ 0 0’9 _
: 0 _ =]
| | |
_ ..m«a_u_u.u wu Dw._ (oI § EE.\! _ uOnowc:Ou EEF _ 0:__ vwhho_m
_ 4 o
: 4 -
| oLl H__II o'v l_l._l| | IIT oz | + oz | ~— NI
¢ ,\ —4— 2
_ 661°1 026’0 Gl19°0 2690 _ 2690 1260 _
8

v



-63-

assumed, effectively providing better approximation to the true cir-
cuit, the error due to the modeling decreases. In theory then, if a
perfectly true model is assumed for the circuit, the total error will -
be minimized and the remaining error is due solely to the equipment
(e.g., frequency drift, mechanical tolerances, etc.).

Initially a short-circuit was placed at plane A of Fig. 4. 3.
A set of data was taken to determine electrically the location of this
short with respect to a given reference plane, assuming a simple
airline case. By using a wide frequency range (8 - 18 GHz for 40
points) a certain amount of data scatter was present which could be
defined by the mean value and average deviation from the mean for
the short position.‘ Approximate values for the discontinuity capa-
citances of the connector support bead were determined by physical
considerations and used as initial values for modeling the circuit up
to the short-circuit. The data was then interpreted through the new
model and the scatter in the resulting short-circuit position com-
pared. This trial and error procedure was followed, using a com-
puter, until a stable minimum in the deviation was established. As
expected only a small improvement of 3. 0% was found by including
this first capacitor. Next the adapter replaced the short-circuit at
plane A and the short-circuit moved to plane B. A new data set was
taken, and the whole procedure repeated considering only the ele-
ment values between planes A and B as variables. This time a very

substantial improvement, i.e., a 66.0% decrease in the average
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deviation, was noted. Finally the short-circuit was moved to plane
C, which is actually a cylindrical surface across the gap at the sur-
face of the post. A 35.0% improvement in the deviation resulted by
using the values shown for the elements. The method used for de-
termining the initial approximate and limiting values for the line
elements is discussed in Appendix D.

The minimizing procedure was insensitive to changes in the
values of the coaxial-radial line transformation elements because
of their proximity to the short-circuit at plane C, with the result
that these values could not be verified by measurement. Deriva-
tion of this transformation is discussed in the following section.

4. 3.2 Coaxial-Radial Line Transformation. Determination

of the transformation circuit was accomplished by following closely
the concepts discussed by Getsinger (Ref. 13). A direct analogy

is not possible however, because of the difference in configurations,
i. e., the coaxial line here feeds the center of the radial line, not
the outside. Fig. 4.4 shows the correspondence between the lumped
element circuit and the actual circuit. Cg, and C, are fringing
capacitances, with Cr the parallel plate capacitance in the radial
line region. LC is due to the region in the corner formed by ex-
tending the outer boundary of the coaxial line. Lr represents the
volume in the radial line. This relatively simple equivalent circuit

provides a good approximation as long as the dimensions involved

are small with respect to wavelength.
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4.3.3 Effects of Circuit Modeling. To determine the use-

fulness of the measurement circuit model, comparisons were made
of the various circuit effects on the data interpretation. Three
situations were considered. First, a simple transmission line was
assumed between the load and the measurement equipment; second,
the coaxial-radial line transformation was introduced; and third,
the complete circuit model was used. Fig. 4.5 indicates the dif-
ferences in interpretation for the last two cases compared with the
theoretical case for a typical data set. Lines are used here to re-
present the trends in the data interpretation. Data points are in-
dividually shown when the measurements are discussed in detail in
the next chapter. The simple transmission line case is not shown
because it bore so little resemblance to the other cases. Its only
characteristic in common with the others was the placement of
zeros at 6.77 and 20.3 GHz. Very worthwhile improvement is noted

by including the total circuit model, justifying the effort involved.

4.4 Measurement Procedure

All of the impedance measurements were made using stan-
dard slotted-line techniques. The equipment was continually re-
calibrated to ensure precision and repeatability. Once the coaxial
line adapter was placed on the probe and characterized, it was not
removed. The data necessary to determine impedance, i.e., fre-

quency, standing-wave-ratio (SWR), and standing-wave-minimum
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position, was processed through a computer program to be inter-

preted as Z_ versus frequency for each of the many configurations

R

under test. This program is discussed in Appendix E.



CHAPTER V

COMPARISON OF THEORETICAL AND

EXPERIMENTAL RESULTS

5.1 Introduction

This chapter brings together the results of the theoretical
and experimental analyses, using the driving point impedance ZR

and the H10 obstacle reactance as points of comparison.

5.2 Driving Point Impedance Comparison

The driving point impedance of the mount shown in Fig. 4.2
is a function of the six dimensional parameters a, b, s', h', d,
and g. Only the two here referred to as the position parameters
s' and h' are varied in these measurements. Relatively standard
values were chosen for the others to conform to a typical mount,
i.e., a, b represent C-Band waveguide with d = 0.120" and
g = 0.060", proper for mounting a "pill-type'" device package. In
addition all measurements were made under matched conditions on
both waveguide arms. Theoretically-determined values are com-
pared to those resulting from the measurements in Fig. 5.1 - 5. 4.

Fig. 5.1 represents the impedance for the most typical
mounting configuration, with the post centered and the gap at the
bottom. Fig. 5.2 then shows the result of moving the gap halfway

up the post. Since the post is centered, only coupling to the

-69-
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m = odd modes exists. One of these modes, the HBO mode,
having a pole at 9.45 GHz, causes the 'resistive component” to have
a zero at that frequency by decoupling energy to the H1 o Propaga-
ting mode. Leaving the gap centered in the post and shifting the
post to s' = 0.250 results in Fig. 5.3. Note the additional 'resis-
tive component' zero at 6.3 GHz compared with Fig. 5.2. This is

due to the H 0 pole (cutoff frequency) which now must be consi-

2
dered for the off center post.

Fig. 5.4 was included to show a characteristic markedly
different from the others, produced by choosing different position
parameters, i.e., s' = 0.333, h' = 0.250. In all figures the data

clearly shows the zeros and damped poles predicted by the theory,

providing the verification desired.

5.3 Waveguide Obstacle Reactance Comparison

The measurements in this section consider the waveguide
mount as an obstacle in the waveguide to an incident H10 mode,
with a matched termination on the opposite arm. This condition is
represented by Fig. 5.5, defining ZbBS as the normalized ob-
stacle impedance in shunt across the waveguide. ZbBS includes
the effects of the impedance 7 G placed in the gap plus all higher
order modes, and is valid for all frequencies above H10 cutoff.

Propagating higher order modes are seen as resistive elements in

Z0Bs”
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5.3.1 Post Inductance. If the gap is shorted out (i. e. ,

ZG = 0), all couplingto n > 0 modes is removed, leaving only
m > 1, n =0 modes for consideration. These modes all exhibit
inductive properties below cutoff so that in the dominant mode re-
gion the post will, as expected, appear inductive. This configura-
tion allows isolated study of the post cross-section and lateral cur-
rent distribution effects, leading to a general description of a post-
in-waveguide.

Initially the relationship between a circular post (d = dia-
meter) and a flat strip post (w = width) was considered. Although
this relationship depends slightly on frequency, post size and loca-
tion, good results are obtained by setting w = 1.8 d for the equi-
valent width of a circular post. Fig. 5.6 compares the measured
values for a circular post with d = 0.120 inches and a flat post
with w = 0.216 inches.

Next, the inductive reactances of flat posts, varying both
size and position, were measured and compared against the pre-
dicted values. In general the predicted values were a little high,
depending directly on the post width. This is due to the constant
current assumption across the post width, which becomes more er-
roneous as the width increases. Therefore a small correction

factor (1 - w'), was introduced to compensate for this error in

the theory, resulting in the graphs shown in Figs. 5.7 - 5.9.
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These graphs also include predicted values by Marcuvitz (Ref. 26)
for the centered post position showing good correlation to the theory
for Figs. 5.7, 5.8 while deviating approximately 10% for the wide
case of Fig. 5.9. (Marcuvitz does not predict for off-centered flat
posts.) The noticeable upswing of the off-centered curves of all
three widths for the high frequency end is due to the action of the

H2 0 mode impedance approaching infinity at 6.3 GHz.

5.3.2 Tuned Post. The final example considered is that

produced by leaving the gap open, resulting in Z ., being the end

G
capacitance of a circular post. This configuration is commonly
called thé tuned post and is described in Fig. 5.10 for different gap
sizes. The gap dirx;ensions are varied from zero to slightly larger
than 1/4 the guide height. By centering the post, the H,, mode is
decoupled so that the dominant mode region is extended to 7. 46 GHz,
the cutoff frequency for the H11 and E11 modes, thus allowing

the observation and verification of the characteristic at 6. 77 GHz

where the reactance is independent of the gap size.
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configuration b
* 1
tg
1.0
8 ¢ (a)
6 4
dg= 0.0
4 1 +
' , ‘ A
Xoas g'=.280
g'=.035
2% ‘ T
d=.140
[}
=070
| 1 / 1 / gl 1 1 1
4.0 5.0 6.0 I 7.0
freq (GHZ) 6.77

Fig. 5.10a Normalized obstacle reactance for gap size g variation,
s' = 0.500, w' = 0,115,

(Theory)
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" 4.0 50 6.0 7.0
freq (GHz)

6.77

Fig. 5.10b Normalized obstacle reactance for gap size g variation,
s' = 0.500, w' = 0,115,

(Experiment)



CHAPTER VI

REVIEW, CONCLUSIONS AND

RELATED FUTURE STUDY

6.1 Introduction

All of the work is reviewed briefly, highlighting the promi-
nent concepts and results introduced. Conclusions are drawn, fol-

lowed by a short discussion of related future areas of study.

6.2 Review

The objective of this report was to characterize a common
waveguide mount, resulting in a description which was convenient
for use in circuit design. This goal has been satisfied. In the pro-
cess, many additional thoughts have been introduced which either
present an original idea or add support to a concept previously re-
cognized. It is felt worthwhile to provide a short summary of these
points, including the section number where each is discussed in

more detail.

1) General Theoretical Analysis. By assuming a general
expansion of the current density in the same orthogonal
functions as the Green's function, it is possible to de-
velop some knowledge about a radiating element without |

knowing the actual current distribution. Section 2.2 - 2.3.
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Current Density y-dependence. As a consequence of the
mathematics the y-dependence was easily developed,
giving the current distribution on the post as a function
of the mount parameters and the mode indices. It is
most interesting how the phase information for current
components associated with the Hmn and Emn modes
above and below cutoff is contained in the formulation.
Section 2. 3. 6.

Mode Related Impedances. The development of the mode
impedances ZH and ZE offer a strong case for adopt-
ing these formulations as the basis for waveguide charac-
teristic impedances for all modes. Section 2.3.7.
Series Resonance of Mode Pairs. The resonant effect
resulting from the series combination of ZE and ZH
for the same m, n set is also interesting, particularly
the fact that the resonant frequency is independent of m.
Section 2. 3. 7. |

Mount Equivalent Circuit. This circuit simply provides
a means of defining the coupling between the impedance
present in the gap and the mode impedances present in
the waveguide arms. It is a linear, passive, reciprocal,

doubly infinite network whose elements are a function

only of the mount parameters. Section 2.3.7.
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6) Impedance Measurement Technique. This simple con-
cept of running a subminiature coaxial line inside the
post to gain access to the gap was the heart of the thesis.
All other attempts to measure ZR failed. If the ex-
perimental effort had not produced such reliable and self-
consistent results, the necessary insight to develop the
theory would never have been obtained. Now that the
technique has proven itself by measuring predictable im-
pedance variations accurately, its real value will be in
applications where the configuration cannot be handled
theoretipally, thus providing unique information. Sec-
tion 4.2. 1.

7) Measurement Circuit Modeling. Although the statistical
-method used was slow, tedious and expensive on the com-
puter, it appeared to be the only way to isolate the ex-
tremely small effects due to the discontinuities in the

line. The work was well justified by the resulting im-

provement in the data interpretation. Section 4. 3.

6.3 Conclusions

The various graphs in Figs. 5.1 - 5.4 and 5.6 - 5.10 show
a high degree of correlation between the theoretical plots and the
measured data. Although only a limited number of situations were

presented, they were of sufficient diversity to fully test the theory
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and the experimental procedure. The theory is further supported
by the agreement with Schelkunoff (Ref. 21) and Marcuvitz (Ref. 26)
for those special cases, as well as the low frequency formulation
discussed in Section 2. 4. On this basis it is reasonable to conclude
that the theory presented is valid and that the measurement tech-

nique developed was highly successful.

6.4 Suggested Areas of Related Future Study

The following suggestions are submitted as areas in which
investigations could be carried out using the information developed
in this thesis as a basis upon which to expand.

6.4.1 Theoretical Study.

1) Application of the theoretical analysis to other physical
configurations, e.g., gap driving point impedance for a gap in a cir-
cular post between two parallel ground planes. This configuration
represents the feed point of a radial transmission line.

2) Removal of the current density x-distribution assumption
in order to enhance accuracy and permit consideration of larger
posts.

3) Removal of the gap voltage distribution assumptions in
order to enhance accuracy and permit consideration of larger posts
and larger gaps.

4) Application of the analysis to develop an equivalent cir-

cuit for a mount containing 2 independent gaps in the post.
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5) Development of complex reflection coefficient descrip-
tions for standard waveguide obstacles excited by higher order
modes.

6.4.2 Experimental Study. Use the measurement technique

on other types of mounting structures, including coaxial line, strip
line, etc. ; especially on configurations which cannot be handled the-
oretically.

6.4.3 Applications of the Circuit. The circuit developed to

describe the mount can be used to improve the design of waveguide
oscillators, amplifiers, frequency multipliers and converters,
phase shifters, mixers, attenuators and various filter elements.
Electronically tunable elements can also be designed using voltage-
tunable devices mounted in this manner. An example of such an
element is the common switching element employing a PIN diode as

a variable Z G



APPENDIX A

DETERMINATION OF THE DYADIC GREEN'S FUNCTION

FOR RECTANGULAR WAVEGUIDE

The following derivation was discussed in an advanced Electro-
magnetic Field Theory course given by Professor Tai, but the general
method is not well known. For completeness a detailed description is
given here.

We are interested in solving the vector wave equation
vxVxED-KED=-jon I(1) (A. 1)

to develop a relationship for the electric field E(r) as a function of
the current density J(r'). The method to be used is called the
Green's Function method which is based on the proposition that a func-

tion E};(? | —1:') can be found which will satisfy the equation

VxVxGrT)-KGTT)=16(r-7) (A2

similar to (A.1), subject to the boundary condtions of the region of

interest. Assuming such a E('f'l_r-') exists, (A.1) and (A. 2) can be
combined to develop an integral equation giving the necessary rela-
tionship between E(r) and J(r'). This result is

E(r) =-jwpu

S GEIT) - I (A.3)
A"
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inviting interpretation of G(T!r') as a coupling factor between
E(r) and J(T').
To solve (A. 2) let us investigate the solutions of the homo-

geneous equation

VXVxS-7"8=0, (A.4)

S in general can be represented by

-

M=Vx(/z\1,bl), N=—VxVx(/z\1,U2) (A.5)

Y

where 1,!/1 and 1,!/2 are two independent solutions satisfying the

scalar wave equation

v2 y 40w =0, (A. 6)

The region under consideration is the inside of a rectangular
waveguide, described in Fig. A.1l. It is considered infinite in ex-
tent in the + z-directions requiring Sommerfeld's radiation con-
dition (Ref. 27) for the boundary conditions at large [zl. The
waveguide is assumed to be perfectly conducting, consequently
ﬁ x E = 0 is the internal boundary condition on the guide wall sur-

face. Since G(TIT') is associated directly with E, this boundary

condition must hold for G(r!T') in (A.2) , therefore requiring
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< >

-

N>

Fig. A.1 Coordinate description for the
rectangular waveguide.
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=l

ZI

on the walls.

Equation (A. 6) can then be solved by separation of variables

resulting in the functions

- -jiCz
wl = CcOoS kX X cos ky y e (A. 8a)
and
o ‘ . -j ¢ z
w? = sin kX X sin ky y e (A. 8Db)
with
m7 nm
ke =3 ky b

which when substituted in (A.5) satisfy these Boundary conditions.

The general solution is represented by

e_j ¢z | (A. 9a)

S1

mn

— A A
m=-XKk cos kX sinky+ yk sink x cos k. y
y X y X X y

and



=ne (A. 9b)
mn
2=l [—Qjck coskxsinky-%ijtk sinkx cosk

Y X X y YISy X y

+"z\k2 sinkxsinky]
mn X y

where

We now assume an expansion of the delta function T(? - ;')

in terms of these general functions allowing arbitrary vector co-

efficients 5, 6 .

(A.10)

To determine P, take the dot product of Mm,n,(c ') with both sides

of (A.10) and integrate over the enclosed volume, yielding

[ M.,y -To(r-T M, (8

m'n m'n
vol

o
—~~
-
]
~
~
o
<
i

Cfae T, B2y, s

- m'n' )
-0 -0

where

ab 2

T =Pk (140 (A.12)
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and M' indicates evaluation at the primed coordinates. Then know-

ing that
o0 s _ (e
o[ - (0] == J ST Ea,
=00
results in
I\—/I'm.n'(C') = 27 5("C') vanv
or
_ M (-¢) (2-0 )
P_ () = 5 Q. (A.14)
k Tab
mn

Following the same procedure with Nm,n,({’ ") we find that

N' (=€) (2-06)
Q) = —% A (A. 15)

k mab
mn

2r T _ mn(C )‘M;nn(-t) * ﬁmn(t ) IT];nn(-C)

(A.16)
Next assume an expansion of G(r|r') inthe same functions
including necessary arbitrary scalar coefficients (2, B) to repre-

sent a general solution.

(A.17)

GE =) ) omam— [eM O )R, N, (-0)

mn
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Now by substituting (A.17) into (A. 2) and carrying out the indicated

operations we find that

(krznn + Cz - kz) G(TIT) =T o(T - T'), (A.18)
which specifies (o, p) as
(kmn +8 -k)
giving
FM €)M (-)+N_ (£) N! | c>-
- _ _ 0 0 W (=€) + N' (-
G(TIT) = Z Z f 27?'§ mn mn mn mn
m=0 n=0 - mn €-k)(E+k)
g g
§ (A.20) ~
where k 2 = k2 - k2 = (waveguide wave number)z.
g mn

This is integrated by contour integration; by closing our con-

tour in the lower half plane for the case z > z' we include only

the residue from the pole at § = kg' For z < z' the contour in-

cludes the pole at § = -kg. This convention is the result of as-

jwt

suming e time dependence.

We have then as a final result

0 ® (2-60)

m=0 n=0 ab k2 T
mn ~ mn
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top sign for z > z'

where we use {

bottom sign for z < z'

and an = j kg. The functional portion of (A. 21) is determined by

substituting for m, n from (A.9) resulting in

[m m' + n(j_-kg) “'(ikg)]

2 2 2
> ANl 2 k- kmn) ky . . '
VY kX + 5 smkxx smkxx cos kyy cos kyy

k
(A. 22a)
or
2
>AAkmn(k2k2) ink X sink k Ky (A.22b)
—_— - sink xsink X'cos cos ! .
Yy k2 v n - - yy yy

for the 99 component.

Equation (A. 22a) has two terms representing respectively the
functional part of GH(-I-‘! r') and GE(?I?') , while (A. 22b) is the

combined form used in (2. 5).



APPENDIX B

DETERMINATION OF THE GREEN'S FUNCTION FOR

TERMINATED WAVEGUIDE

During the process of solving for E(?I?') in Appendix A,
the technique of separation of variables was used to solve the homo-
geneous equation (A. 6) in three dimensions. This concept can also
be applied in interpreting E(? ! ?') to determine dependence upon
the spatial variables. In particular the y-dependence corresponds
directly to that of a one dimensional transmission line situation with
matched terminations. By considering the waveguide phase constant
(kg = -j I"g) as the phase constant of a hypothetical transmission
line, it is possible to investigate the terminated properties of this
one-dimensional line and apply the solution to the waveguide; thus

resulting in a modified function of G..(r!r') which shall be called

T

the Green's function for terminated waveguide.

Consider the one dimensional wave equation

2 '
d gT(zlz)

2

2 N o . - ot
— + kg gT(zIz) ==-0(z-2z2") (B.1)

which has the solution
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_ _ =ik z
A e +B e © z < z' (B. 2b)

where A" , B , A , B are coefficients to be determined by ap-

plication of boundary conditions. Here gT(z lz') is associated
with the voltage on the line so that the appropriate termination or

boundary condition is (Ref. 19),

Zﬂ1 d gT(zIz)

epthy'2) =l 7% Tdz (B.3)
c g
Z = Ql
with
Z 01 = effective terminating impedance at Ql
and
ZC = characteristic impedance of the line.

A more convenient form for describing the termination is
obtained using the concept of complex voltage reflection coefficient

p where
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Applying (B. 3) to (B. 2a) results in
-j 2k ¢
A+=B+p1e g1 (B.5)
Similarly for (B. 2b) we have
B = A Py ej e by (B. 6)

where Pys Py are reflection coefficients at planes 1 and 2 respec-
tively and Ql , L g are the coordinate values at planes 1 and 2.

At z = z' the voltage must be continuous so that
gT(z+lz ) = gT(z_ [z") (B.7)
resulting in a third relationship

- 1 - - 1 s - 1
N j2k =z ]2kg(£1 z') _ j 2k (22 z'")

g _
B e 1+p1e = A 1+p2e

(B. 8)
The fourth and final condition requires a step discontinuity in the

voltage derivative at z = z' giving
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-jk z' -i2k (0,-z'Y] _ ik z'
B+e & [l-ple g1 +A"e & [l-p

(B.9)
Solving simultaneously (B.5), (B.6), (B.8), and (B.9), and

substituting in (B. 2) results in

o | i2k (0.-2") -j2k ({,-2)
]kg(z z') ('1+p2e g 2 )(1+p1e g 1

€

. = - z> z'
2k, e 2k {1,-1,)
L 172 -
(B.10a)
gT(z|z ) =<
PN [ A s j2k ((.-2)
. ]kg(Z z) (1+p1e gl 1+pze g 2
. : z < z'
2k, b 2k (7,1, =
¢ i 172 4
(B. 10b)
For Py =Py = 0 (matched conditions) this reduces to
-jk lz-2'| -T lz-z'|
= e S e &
go(z z') = = TR = T (B.11)
g g

which is the one-dimensional free space Green's function. The

multimode case must consider a summation of effects; therefore
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and

g,(z12") —G zlz) = ), ), (B. 12)
m n mn

representing the portion of G(r!r') which is a function of z. By
direct association between (B.12), (B.11) and (B. 10) we see that the
modification necessary to consider terminations for the waveguide
is the term in brackets in (B.10). However, this generalized form
is unnecessary since the present application establishes both the
source and observation points to be in the z = 0 plane of the wave-
guide, requiring the substitution z = z' = 0. In addition it is more
convenient to define Ql and ﬁz as distances (magnitude only) from

z = 0 to the termination planes. Therefore

20 ol 20 ol
1+ P mn® mn 1+p e mn
mn 2mn

2 (] + 182))

T = (B.13)

1- plmnPZmne

which is the Green's function termination parameter allowing us to

write

G.(TIT) = G(TIT) 7. (B. 14)



APPENDIX C

COMPUTER PROGRAM FOR THEORETICAL

IMPEDANCE CALCULATION

The driving point impedance Z_ is calculated using (3.11)

R

and the summation limit criteria developed in Section 3.3. Only the
matched condition is considered so that ZTmn = Zmn' Multiple
loops are used in the program allowing variation of all configura-
tion parameters plus frequency. Plots of impedance versus fre-
quency are obtained along with individual value listings for each
complete parameter set.

The obstacle impedance elements (3.10) can also be calcu-
lated but only relative to the H10 mode. A complex circuit is used

to represent Z . to allow great flexibility in program use. This is

G

seen in Fig. C.1. Simpler circuits are represented by setting the

appropriate elements in Fig. C.1 equal to zero or infinity.

The waveguide input impedance Z_._ (see Fig. 3.3), nor-

IN

malized to Zc is also determined for the terminating condition

10
of a match, short, or open on the opposite waveguide arm.

All of the information concerning parameter values and itera-
tions is contained in the necessary 'data deck' which must follow the

program. The description for this 'data deck” format is given be-

low. This is followed by a listing of the full program.
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Fig. C.1 Gap impedance representation for use
in the computer program.



Data Deck Format

Card Format

1

10

11

2513

10F8.
10F8.
10F8.
10F8.
10F8.
10F8.

10F8.

10F8.

10F8.

10F8.

-104-

Description

Fifteen numbers, all > 1 representing the
number of iterations for each variable; plus the
branching code

5 includes obstacle program

ZQT = ¢

1 skips obstacle program
Order of variable iterations: M, N, H', G',

s', W', A, B, C, D, CP, L, R, CO, ZQT

"Values of H', G'/2 < H' < 0.500

Values of G', 0.0 < G' < 0.250

Values of §', 0.0 < §8' < 0.500

Values of W', 0.0 < W' < 0.250

Values of A, in centimeters (4.76/C, 2.286/X)
Values of B, in centimeters (2.215/C, 1.016/X)
Values of C, usually = 0.0, allows for ex-
ternal fringing fields at the gap, in 10-15

farads

RHO, values of D, RHO = -1, 0, 41 D in
centimeters

Values of CP, in 1012 farads

Values of L, in 107 henrys
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12 10F8. 4 Values of R, in ohms
13 10F8.4  Values of CO, in 10" %2 farads
14  2F10.5, FSTART, FINT, FMAX, TITLE; where
14, 14A4 st
FSTART + FINT = 1°° FREQUENCY value,
FINT = frequency increment,

FMAX = number of increments, and

TITLE = describes frequency range
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APPENDIX D

DETERMINATION OF APPROXIMATE AND LIMITING VALUES

FOR SMALL COAXIAL LINE DISCONTINUITIES

The necessity to support the center conductor of a coaxial
line generally results in the presence of small discontinuities in the
line due to the supporting beads. The disruptive effect of such a
support bead has been minimized considerably in the last few years
with the development of precision 7 mm connectors; however the
effect has .not been totally removed. Additional discontinuities are
introduced when the size or nature of the line is altered. Both of
these types of discontinuities, when small, can be approximated by
a lumped shunt capacitor. First order compensation is then pos-
sible by introducing a small inductance of the proper size adjacent
to the discontinuity in series in the line.

In the measurement circuit there are many such disconti-
nuities present, all somewhat compensated to reduce their effect.
All of the discontinuities result from step changes in the diameter
of the inner or outer conductor. The uncompensated effect can
readily be characterized by the equivalent capacitance of such a
step using the chart provided in the Microwave Handbook (Ref. 28).
A compensated discontinuity will have a somewhat smaller effective

capacitance, depending on the design of the circuit; the handbook

value thus represents an upper limit.
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Consider the circuit of Fig. D.1a where the shunt capacitance
is small but fixed, we desire to choose the series inductance so
that the input will see a match or ZC , the characteristic impedance

of the line. If

ZIN = RIN +j XIN (D.1)
then
XIN ~ 0.0
and
RIN ~ Zc
for the condition
L =z2c¢C (D.2)
0 (¢ D ’

This is not totally unexpected since a differential length of trans-

mission line satisfies the same relationship, e.g.,

Z =4+= (D. 3)

where L 00 C , are inductance and capacitance per unit length.

With this in mind, it is possible to interpret the compensated discon-

tinuity as a length of transmission line £,
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ZN = — Cp Ze
(a)
< / —_—
O ZC

ZiN = Zc

(b)

Fig. D.1 Line length equivalence for a compensated
discontinuity.
(a) Discontinuity model.
(b) Equivalent length of Zc line.
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LO
L = L—Q (D. 4)

as shown in Fig. D. 1b.

A partially compensated shunt capacitance would result in a
reduced capacitance with a short length of line; while an over com-
pensated capacitance would look like an inductor in series. Both of
these conditions are seen in the equivalent circuit of Fig. 4.3.

For an example let us consider one of the step discontinui-
ties in the 7 mm to 1. 65 mm adapter. The step considered results
from changing the diameter of the inner conductor to match a 50 ohm
airline to a 50 ohm Teflon line, as shown in Fig. D.2. To compen-
sate, a short length of the Teflon side is without Teflon, thus increas-
ing the characteristic impedance in order to appear inductive rela-
tive to 50 ohms. The discontinuity capacitance will be somewhere
between 8.8 and 17.9 x 10-15 farads (Ref. 28) depending on the
distribution of the fringing fields between the air and the Teflon.
This distribution will depend on the length t of the high impedance
section between the two 50 ohm sections. This short section of
65.2 ohm line can be conéidered as 50 ohm line with an excess in-
ductance of 2. 47 n H/inch. The required compensating inductance

for CD will be

L, = (50)2 (8.8 x 10'15) = 22.0 pH (D. 5)
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assuming all the fringe fields are in the air. Then from (D. 4),

12
9

_ 22,0 x 10
2.47 x 10

t = 0.009 inch
representing the minimum compensating length. If we had assumed
all of the fringe fields were in the Teflon, then LO = 44.8 pH and
t = 0.018 inch. In the adapter used, t = 0.010 inch by measure-
ment, leading us to believe that the discontinuity might be slightly
under compensated, since it is reasonable to expect that most of
the fringe field will in fact be in the Teflon. As it turns out, the
effective capacitance was 4.0 x 10719 farads, determined by the
statistical procedure outlined in Section 4.3.1, and is shown as the
center capacitor in the 7 mm to 1. 65 mm adapter in Fig. 4. 3.

This procedure was used to establish approximate values for

all of the various discontinuities in the measurement circuit.



APPENDIX E

COMPUTER PROGRAM FOR EXPERIMENTAL

DATA INTERPRETATION

A computer program was written to provide an accurate and
rapid means of interpreting the data from the impedance measure-
ments. By knowing the standing-wave-ratio, minimum position and
frequency, in conjunction with the measurement circuit, it is pos-
sible to specify the impedance terminating the circuit which would
generate the measured data values.

For convenience, the measurement circuit is broken up into
a number of smallex: circuits, each of a standard form to simplify
the mathematics. The impedance translation through the measure-
ment circuit can then be accomplished by a repetitive operation
through each of these standard circuits. Fig. E.1 describes the
standard circuit used. Where appropriate various element values
are set equal to zero to properly represent a given section of line.
The measurement circuit in Fig. 4.3 is made up of eight such stan-
dard units.

The results of the program are both listed and plotted as

real and reactive parts versus frequency.
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o  Z = 50 ohms T —

C|:

|
| |
|
O
o

LEN = length of line in centimeters
C,,Co = capacitances in 107'° Farads

L; = inductance in 107'% Henrys

Fig. E.1 Standard circuit unit for data
interpretation program.
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