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SUMMARY

The object of this thesis research has been to
develop an improved broad band impedance matching technique.
The technique is capable of resolving points in the wave-
guide which generate reflected energy. A version of the
comparison reflectometer has been developed and fabricated
to determine the mean amplitude of the reflection coeffi-
cient excited at points in the guide as a function of dis-
tance, and the complex reflection coefficient of a specific
discontinuity in the guide as a function of frequency. An
impedance matching computer program has been developed which
is capable of impedance matching the characteristics of each
disturbance independent of other reflections in the guide.

The characteristics of four standard matching elements
have been compiled, and their associated curves of reflection
coefficient and shunt susceptance as a function of frequency
are presented in Appendix A. The characteristics of the
four standard matching elements (symmetrical capacitive iris,
asymmetrical inductive iris, inductive metal post, and di-
electric post) are also programmed into the impedance match-
ing program listed in Appendix B.

A sample of each of the four standard matching ele-

ments have been fabricated, and results measured by both the
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comparison reflectometer and a slotted line setup have been
compared with theoretical predictions. The measurements
made by the comparison reflectometer on the sample standard
matching elements have shown agreement within the accuracy
of the comparison reflectometer.

A shunt slot radiator was fabricated, and its charac-
teristics were measurea and impedance matched to demonstrate
the computer aided bfoad band impedance matching technique.
The shunt slot radiator was impedance matched over a 2 GHz
bandwidth to a VSWR of 1.16 to 1.0. A theoretical dimen-
sional perturbation has been made on the matching element
to determine the extent of the sensitivity of the impedance
match to machining tolerance.

As a result of this research, an economical, fast,
and reliable impedance matching technique has been estab-

lished which can provide broad band impedance matches.




CHAPTER I

INTRODUCTION

Motivation for Problem

For many years impedance matching at spot frequencies
has been practiced, and the Smith chart is a well known tool
for narrow band impedance matching. In most cases the
matching element is placed some distance from the disturb-
ance to be matched. In such a configuration the phase
anglé of the generalized reflection coefficient resulting
from the matching element and the discontinuity to be
matched varies as 2 RBL, where B is the propagation constant
and L is the distance between the matching element and the
rmismatch. The propagation constant can be expressed in

the form,

B = (0%u e - K% = 21/)g (1)

where: Ag is the wavelength in the waveguide, K is defined

for domihant mode propagation in the rectangular waveguide
by K? = ﬂz/az, a being the‘width_of the guide, w is the |
angular frequency in radians per second, W is the permea-
bility, € is the permittivity.

Equation (1) shows that B is frequency dependent and




as a result complete cancellation of waves generally

extends only over a narrow-band. The greater the distahce

L the narrower the bandwidth of the impedance match. If

the distance L were reduced to zero then there would be no
variation in phase angle due to the ele;trical length sep-
arating the discontinuities,‘and two discontinuities having
reflection coefficients of equal magnitude and opposite sign,
Appendix C, would present a broad-band match.

In recent years there has been a need to use many
microwave devices over a large portion of a waveguide band-
width. As an example, somé antenna systems which transmit
swept signals require matching over a large percentage of a
waveguide band. All components which make up this trans-
mitting system and handle the microwave energy, such as
ferrite circulators and phase shifters, couplers, modula-
tors, and many other components, must also have a large
band pass. Without good impedance matching over the band
of interest, large quantities of energy are reflected back
towards the generator and must be absorbed in isolators or
attenuatorst As a result, excessive amounts of energy are
demanded from the generator in order to supply the load with
the desired energy. Many times these excessive energy
demands are economically prohibitive and never desirable.

Usually broad band impedance matching is done with-
out much insight into the unmatched component. The loca-

tion of reflections and the number of these reflections have




in most cases been left unknown, exceptions being only in
the simplest cases. Therefore, impedance matching of com-
plex components has been largely trial and error. The end
result is often neither very satisfying nor very economical.
The location of the discontinuity in the waveguide
and the complex reflection coefficient of the disturbance
as a function of frequency need to.be known in order to
gain insight into the problem of impedance matching. In
this work a version of the comparison reflectometer 1 is
used to determine these parameters within limits. In some
cases there may be some difficulty determining a disconti-
nuity which will identically cancel out the effect of the
original mismatch. However, the impedance matching tech-
nique described provides the engineer with a powerful tool
to obtain broad band impedance matches that are practically

acceptable.

Definition of the Problem

Discontinuities in an otherwise uniform transmission
line cause the excitation of a reflected wave in order to
satisfy the boundary conditions on the electric and magnetic
fields at the discontinuity. The reflected wave generally
represents a reduction in transmitted power and is described
as arising from a mismatch in the characteristic impedance
of the line. An additional discontinuity piaced in the

transmission line in such a way as to cancel the original




reflected wave is said to impedance match the transmission
line. This general technique provides a good match for
lossless mismatches if the reflection coefficients of the
mismatch and the matching discontinuity fepresent waves
which cancel identically and if the discontinuities are
located equal distances from the generator. If, however,
the mismatch and matching element are not located the same
distance from the generator, the match will be frequency
dependent, and therefore of a narrow band nature.

Most mismatches that occur in practice are in fact
reflections arising from multiple discOnfinuities and gen-
erally cannot be broad band impedance matched by a single
matching element. Successful matching of multiple reflec-
tions requires that the location of each reflection should
be known and that the contribution of each reflecting point
to the total reflection coefficient be known.

The objective of this research has been to develop
an improved broad band impedance matching technique. The
technique is capable of resolving points in the waveguide
which generate reflected enefgy. A version of the compar-
ison reflectometer has been developed and fabricated to
determine the mean amplitude of the reflected wave excited
at a point in the guide as a function of distance, and the
complex reflection coefficient of a specific discontinuity

1

in the guide as a function of frequency. An impedance

matching computer program has been developed which is capa-




ble of impedance matching each disturbance indepehdent of

other reflections in the guide. The justification.for the
impedance matching procedure is givéﬁ in Appendix C.

The characteristics of four standard matching ele-
ments have been compiled, and their associated curves of
reflection coefficient and shunt susceptance as a function
of frequency are presented in Appendix A. The curves take
the form of plots of shunt susceptance, and plots of mag-

nitude and phase angle of the current reflection coeffi-

cient.




CHAPTER II

BACKGROUND OF IMPEDANCE MATCHING
AND OF REFLECTOMETRY

Impedance Matching

Reflected waves are generally undesirable and are to
be avoided in waveéuides. One method of minimizing reflec-
tions in a waveguide is to design the system such that the
load impedance will completely absorb the incident fields
without reflections. Thistload corresponds to a character-
istic impedance termination in a transmission line. A
second approach to the problem is to create a reflected wave
near the load that is equal in magnitude but opposite in
phase from the wave reflected by the load. The two reflec-
ted waves therefore cancel each other as shown by Equation
(C-14). Both methods of impedance matching are usually
used simultaneously. The system is initially fabricated so
that the load provides as good an impedance match as is
possible to obtain with a reasonable effort. The reflected
wave that still remains is eliminated by the use of an
impedance matching system that creates a compensating re-
flection. Many waveguide arrangements have been devised
for generating a controllable reflection. Some of these
are analogous to the impedance matching arrangements em-

ployed in transmission lines, while others are unique to




waveguides.

The shorted stub so commonly used in transmmission
lines has a waveguide analogue, the stub guide or E-H tuner.
In Figure 1 there are two types of tuners, the series tuner
and shunt tuner. The series and shunt tuner can be used to
impedance match a discontinuity or mismatched load over a
narrow band of frequencies. To achieve this match the
length of the stub as well as the distance from the load are
critical dimensions. An analysis of this matching procedure
is given in many electromagnetics texts.

A second important procedure used frequently to im-~ ,
pedance match over a narrow band of frequencies is the
quarter wave transformer. The impedance transformer con;'

sists of a length of line of impedance Z, that begins a

quarter wavelength from the load, as indicated in Figure 2.

The proper impedance of the quarter wave transformer Z, 1is

given by Equation (1) asB:

%
Zt = (ZOZr) . (1)

When the impedance Z; satisfieg Equation (1) the
impedance looking to the load at point P will be equal to

the characteristic impedance of the line, 25. It should be

noted that the impedance matching just described is exact
only for the frequency corresponding to the waveguide wave-

length Ago. Once this match is achieved at a particular
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Ago, the match does not hold for a general Ag# Ago' This
results in a narrow band impedance match. There are many

such techniques giving restricted matches.

" Reflectometry

The basic function of a reflectometer consists of sam-
pling an incident wave and a reflected wave and determining
the ratio of the two. The ratio of the reflected to the
incident electric field is defined as the voltage reflection
coefficient T, and has both real and imaginary parts.

The general procedure4 uses two directional couplers
located back to back as in Figure 3. The incident energy
is coupled into the directional coupler D1 and the re-
flected energy is coupled into the reversed directional
coupler D2. Each directional coupler is terminated in a
square law detector. These detectors provide a D.C.
voltage output which is proportional to the sgiiare of the
electric field intensity. If the incident detector is used
to provide a feedback signal which enables a high frequenc§

oscillator to maintain a constant power level, then the
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magnitude squared of the reflection coefficient is pro-
portional to the output of the detector D2, Equation (2):

Ir] =TE (2)

r 7

where T is a proportionality constant, and E, is the

voltage output of the square law detector.

Alternatively, if the output of both detectors are
used as inputs to a ratio meter than the reading of this
device is a function of the magnitude of the reflection co-
efficient squared.5 The ratio meter can be calibrated to
provide magnitude of reflection coefficient or voltage
standing wave ratio (VSWR). The use of a swept oscillator
in either of the above two cases will provide a display of
the magnitude of reflection coefficient as a function of
frequency.

It is well to note that these techniques do not
provide phase information. Since the phase information is
unknown, there is no assurance that two discontinuities will
in fact provide a cancellation of waves even though the
curves of the magnitude of the reflection cpefficient | T|
are equivalent. Therefore, impedance matching using these |

reflectometers is largely trial and error.

Reflecto "meter"

A technique which takes a different approach to
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reflectometry was introduced by F. C. deRonde.6 This
system called the reflecto "meter" utilizes three detectors
in the main transmission line, Figure 4, instead of the two
directional couplers as in Figure 3. The advantage of this
device is improved accuracy of the modulus of reflection
coefficient, but the setup is more difficult to fabricate
than the reflectometer composed of directional couplers.
The common disadvantage is that it gives no phase informa-
tion and cannot resolve individual discontinuities in a
waveguide.

It is desirable when impedance matching to have both
the phase information and the magnitude information of the
reflection coefficient, as indicated in Appendix C. This
information can be obtained using slotted line tech-

7,8

niques, but this procedure is extremely time consuming

when dealing with the many data points needed to cover a
large frequency range. In addition, the slotted line
technique has no provision for the separation of reflection

coefficients generated by different discontinuities.

Time Domain Reflectometer

Time Domain Reflectometer (TDR) is an approach which
can determine the location of discontinuities in a trans-
mission line. TDR is an application of a pulse reflection

technique.g'lo

A pulse of energy is transmitted down a
transmission line. If there exists an impedance discontin-

uity in the transmission line, energy will be reflected

I3
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back toward the generator. The location of the discontin-
uity can be determined by measuring the round trip time de-
lay for reception of reflected pulses. The narrowness of
the pulseband the quality of the measuring equipment de-

termine the resolution capabilities of the TDR. The narrow-

10 The

band TDR is used when measuring waveguide structures.
amplitude of the reflected pulse is related to impedance, so
any slight deviation from the characteristic impedance level
of the output of the TDR can‘easily be recognized and
measured.

Time Domain Reflectometry has been applied to open
transmission lines, coaxial cable and recently to waveguide
structures. For the waveguide structures a step modulated

dlO to remain within the confines of the wave-

carrier is use
guide passband. Generally, the true value of the narrowband
TDR is in applications where long runs of waveguide are
used. The locating accuracy for this device is of the order
of #3 percent of the distance measured, depending on the

quality of the leading edge of the transmitted pulse.

Network Analyzer

. ' 1
Recently, the network analyzer has been introduced. 1

This device characterizes microwave components in terms of
their scattering matrix. This characterization allows the
microwave device to be modeled and more efficiently used

in complex networks. The network analyzer is an important

impedance matching tool, as a result of its modeling ability.
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However, the network.analyzer'lacks one important quality,
it cannot measure the effect of individual discontinuities
independent of adjacent disturbances. Therefore, the im-
pedance matching of the composite discontinuities of the
microwave device remains a difficult problem requiring a
composite of matching elements. If however, the composite
reflection coefficienté of microwave devices could be broken
down into an ensemble of simpler reflections, then it is
reasonable to assume that the simplér reflections would be
easier to impedance match individually. The net result is
an overall impedance matched device.

Comparison Reflectometer

The comparison reflectometer1 is another technique

which provides the location of a disturbance in the guide.
If there is more than one disturbance in the guide these
disturbances are shown as separate distufbances and their
locations are displayed. The comparison reflectometer also
can provide a curve of magnitude and phase of the reflection
coefficient as a function of frequency for each discontin-
uity in the guide.

In using the comparison reflectometer inaccuracies
in the waveguide components are largely cancelled out due
to the technique of taking measuremehts, as described in
Chapter III. This cancelling effect enables a background
reflection coefficient noise level typically less than

0.00005 to be measured, as shown in Figure 31. Because
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of these attributes a comparison reflectometer has been
chosen as the basis of the computer aided impedance match-
ing technique, and has been fabricated to take the measure-

ments used in this research.
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CHAPTER III-
APPROACH TO IMPEDANCE MATCHING

Introduction

The compﬁter aided broadvband impedance matching
technique, Figure 5, consists of first collecting data to
determine the combined complex reflection coefficient of
both a reference step and a test discontinuity. The lo-
cation of the disturbance to be impedance matched is then
determined and the complex reflection coefficient is cal-
culated. The physical dimensions and the relative loca-
tion of a preselected matching element are calculated by
the impedance matching computer program. The result is
the impedance matched disturbance. If additional matching
is required, a sgcond matching element may be selected. |
The physical parameters of this element are again calculated
by the impedance matching program. )

Two sets of data are taken by the comparison reflec-
tometer at 50 MHz intervals from 7.975 GHz through
12.425 GHz. One set of data is taken with the reference
step terminated in a matched load, Figures 6 and 7,

The second set of measurements is taken with the reference
step terminated by the test disturbance. AThese data are

processed by two computer programs. The first, Test 1,
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Figure 5. Flow Chart of the Impedance Matching Technique
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determines the mean magnitude of the reflection coefficient
as a function of distance as shown in Figure 8. This curve
locates discontinuities relative to the reference plane.
The second program, Test 2, calculates the complex current
reflection coefficient as a function of frequency at a pre-
determined location in the waveguide, Figure 9. This com-
plex reflection coefficient characterizes the measured
disturbance in the impedance matching program.

The impedance matching computer program developed as
part of this thesis determines the physical dimensions of
a matching element aﬁd'an appropriate location with respect
to the original mismatch. The program provides the best
impedance match over the bandwidth of interest in the root
mean square sense. This "best" impedance match is depen-
dent on the matching element and the method of choosing
its parameters. The input data for the matching program
are the results of the comparison reflectometer program,
Test 2. All of these progréms discussed are listed in

Appendix B.

Theory of Operation of a Comparison Reflectometer

/

Introduction

The comparison reflectometer first introduced by
D. L. Hollway,l is an instrument designed to locate and
measure the characteristics of reflections in waveguides and

transmission-line systems. It is particularly suitable for

measuring small reflections in microwave components up to
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one meter in length.

>The principle of opefation is the comparison of the
total magnitude of reflection coefficient of a known re-
ference disturbance and a test disturbance with thatbof the
known reference disturbance. From this comparison the lo-
cation of the test m;smatch can be determined, qnd its com-
plex reflection coefficient as a.function of frequency cal-
culated. A high speed digital computer is used to perform
the necessary calculations.

Governing Equations

Consider a waveguide system shown in Figure 6. A
component having a single reflection |T,|expl[jf] is
connected to a reference reflection having the scattering
coefficients shown in Figure 10. The reflection coefficient

of the combination may be written,
bl/al = (822(l"S33F1)+S32P1823)/(1"S33F1) (1)
b,/a; = [522 - Ty(5,, S33 — S35, 823)]/(1—8331‘1)'_ (2)

Generally, the reflection to be measured will be.
located at some distance L1 from the reference plane, so

s

that the'value of Fl measured at this plané will be,

Iy = |ry] exp [j(8-28L;)] . (3)
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Figure 10. Scattering Representation of a Single Reflection

Connected to a Reference Connection

The theory and computations are simplified, and the

accuracy of the results improved if a reference reflection

is used having a reflection coefficient which is-essentially

constant in magnitude and phase throughout the frequency

band
been
this
only

back

tion

at a stationary reference plane. A design which has

found by D. L. Hollway12 to be superior to others in

respect consists of a symmetrical E-plane taper, having
negligibly small reflections followed by a sudden step
to full guide height.

If we ignore for later simplicity the small correc-

required for the step capacitance, the step reflec-

tion, shown in Figure lla, may be considered as a lossless

transformer

l, having turns ratio N, set in the guide at

the reference plane as in Figure 1llb.

this

Let 'y be the voltage reflection coefficient of

reference as seen from the generator side, then
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2 2
. =5,, = (N"-1)/(N"+1) (4)
and S.. = (1-N%)/(1+N%) o5
33 (5)
X .
and s32 = 523 = 2N/ (1+N7) (6)

Since I', has been chosen to have zero phase it

will be written without a modulus sign,l

The total reflection coefficient at ‘the reference
. _

plane is found by substituting Equations (4), (5), (6)

into Equation (2), the result being

I'=Dby/a; = (T (14T T;) +S,353,77)/(1+T,T5) (7)
. . | X
but S32 *+ Sz3 = 1-Ip.
therefore I' = (Ty+ T7)/(1+4T7,T;)

= (Pr+|Fl|exp{j(O—Z&Lﬂ)/<L+FrIP1|exp{j(O—ZBL)})~ (8)

A measured curve of the total reflection coefficient
' is shown in Figure 12 for a fabricated capacitive iris and
the fabricated reference step. The oscillations in the

waveform as a function of frequency is in part a function of

Separation distance L as described'by Equation (8).

-,
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Let

Q
]

| T, |cos (6-28L) (9)
s = |T;|sin(6-28L) (10)
Substituting Equations (9), (10) into (8),

I' = [(Pptcts)]/[14T . (c+]s)] (11)

, N
I=[T,(1+|Tq] )+c(1+r§)+js(1-rr2)]1[1+2rrc+rr2|r1|2] (12)
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Part of the return wave passes through the directional
coupler C4, Figure 6, and produces a DC voltage which is
independent of the phase of I'. The output of the crystal
detector at C3 is proportional to |r]2. Therefore, squar-

ing the magnitude of (12),
2 2 2. 2 2 2
IT|™ = [T (Q+|T|7)" + 2eT (1+]|T1]7) (1+T,7)
2 2.2 2 2.2
+c  (1+T,.7) +s7(1-T.7) "1/ (1+2cT,,
2 2 2
T Ty )7 . (13)
We are concerned chiefly with small reflections,
3 3 .
therefore terms such as Fr lPl] are small compared to unity.
3 3 -6
If Ty = .2 and P3| = .1 then I'.”|T;|” is equal to 8 x 10 .
Ignoring these and terms containing cos (26 -4 BL) for later
simplicity, the denominator of Egquation (13) may be written
as:
2 2. 2
(1+2cT+T,. |1 | )
2 2 '
= 1/(1-4cT+4T,. |T;]| "), (14)

with these approximations,

r 2 2 2 2 2
Tl =T +]r | -or, |, | +2r_|T, |
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2 2 2 2
. (1-Ty =|Ty| +I'y |1} )cos (6-28L) (15)

In order to compute |I';| cos (6-28L), (15) may be

rearranged,

2 2.2 2 2
IF] - rrv +|rll -2rr. lrll
|T, |cos (6-28L) = - (16)

2 2 2 2
2r (1-r_"-|T |47, It 15
_ 2 2,2 2 '
Let . A= (-T_C-|r |THT T ), | (17)
] 2 .
and G(v) = |T| /2T A, ~ (18)

Then (16) can be rewritten as,

2 22, 2
|T1lcos (6=2BL) = G(v)=(Ty +|Ty]| =-2Ty |T3| )/2T A (19)

The term G(v) is a function of wavenumber ané is to be
determined from the readings of the digital volt meter as
will be described in the next sections. A is a correction
term near unity.

Up to this point in the derivation only one reflec-
tion has been considered in addition to the reference. 1In
general, the components being measured will qontain more than

one reflection, T, I3 ...I'yn, at distances Ly, Iy ....Ln, and
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these must be computed from the data G(v).
Assume that interactions between adjacent test re-

flections may be neglected, then by superposition,

G(v) =Z‘ |Tp|cos (6,-4TLyv) (20)
n=

The above equation may be written as a Fourier

series,

o]

G(v) = E~ [a,cos (4mnL”Vv) +bpsin (47nL v) ] (21)
n=1
where L, = nL” and L~ is the unit length.
The component reflections are found by taking the

finite Fourier transforms.

v,
ap = 1/v° G(Vv)cos(nmv/v7)dv (22)
Yy
and
Vo
by = 1/v° G(v)sin(nmv/v~)dv . (23)
\) .

1

where 2v° = v, - Vv;, the range of wavenumber interval in

-

which the G(v) is measured. And L' = %

From (20) a, and bn are also equal to
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an = |T'n|cosén (24)
b, = |Tp|siné, (25)

using the trig expansion,

cos (x - y) = cos X cos y + sin x siny ,
2 2%
Therefore, |ITn| = (an +bn ) (26)
and 6, = arctan {bp/ap) . (27)

The phase angle of the total voltage reflection co-
efficient was lost when the r.f. signals were rectified by the
detector crystals, however, both the magnitude and phase
angle of the measured component may be computed from the
transforms. It is well to point oﬁt that |T| is the mag-
nitude of the total voltagé reflection coefficient when the
reference step and the unknown de?ice to be measured are
attached in the guide. |

Substituting L' = %f into the sine and cosine argumént

),

of Equations (22) and (23

nmv/v° = 471L,V. (28)



- 33

Since L, = n/2(v2-vi1), (29)

for an arbitrary distance L the wavenumber range Vg = V3

must be adjusted. The message here is that for an arbitrary
distance along the waveguide, the angle traversed by the ar-
guments of the sine and cosine terms of the Fourier transforms
(22), (23) must be an integral multiple of 2m. This is im-
portant to recognize since the computer program will be cal-
culating the Fourier iﬁtegrals for an arbitrary distance L.
Therefore the limits of the wavenumber range must be adjusted
to satisfy Equation (22) and (23).

Method of Measuring G(v). The Hewlett-Packard Model

416B ratio meter has been used, Figure 6. This particular
ratio meter requires inputs of 1 KHz signals from two square
law detectors. Two sets of measurements are taken, one with
') measured and a second with I'y measured. The corresponding

voltages out E; and E,, obey the equation,
2 2
IFll /|F2] = tan(CE,;)/tan(CE,), - (30)

where C is a constant peculiar to the ratio meter used and
can be related to a conduction angle, i.e., time lag between
pulses generated in the ratio meter. Consider now that if we
take one set of readings with the reference step terminated

in a matched load, then |F2| = T _. Then consider that the
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second set of measurements are taken with the reference step
terminated by the unknown device to be measured. Using this

approach Equation (30) may be rewritten as:
2 2
r] = I tan(CE)/tan(CE ). (31)

The quantities I'y and C are known from previous
measurements. The quantities E and E, are measured for each

unknown. Using Equation (31), Egquations (22) and (23) may

be rewritten as

Vo
an = Fr/Zv’A' [tan(CE)/tan(CEr)]cos(2ﬂLv)dv (32)
Vi -
Ve
and bn = Pr/Zv'A ' [tan(CE)/tan(CEr)]sin(ZWLv)dv. (33)
Vi

- Equations (32).and (33) are the equations which are
used by the‘digital computer to calculate the reflection co-
efficient as a function of distance.

At a particular distance corresponding to the loca-
tion of a discontinuity in the guide; the complex reflection
coefficient as a function of frequency is determined by in-
tegrating Equation (32) and (33) over small overlapping
wavenumber ranges and selecting the frequency corresponding
to the wavenumber in the center of each range as the fre-
quency of the particular integration, Figure 13. Each sub-

interval initially has ten data points or 500 MHz bandwidth
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and is staggered two data points or 100 MHz. Each subinj
terval must satisfy Equation (29) for the location down the
Waveguide. Since this location is an arbitrary number, the
wavenumber range must be appropriately adjusted such that
an even interger multiple of it is-equal to L,, the distance
location. This adjustment is done from the low side of the

subinterval.

o o

1 il . i 4 .
T T T T T
ll.875lll.975 [12.975I12.l75 £2.275 l
11.925 12.025 12.125 12.225 12.325

i i " 1 i 1 .
l ¥ T T I T
11.975 11.075|11.175 [11.275 {11.375 |
12.025 12.125 12.225 12.325 12.425

Figure 13. Wavenumber Subintervals Given in GHz

As é result of the overlapping procedure and the subinter-
val adjustment, the calculated results of complex reflection
coefficient* are known at unequal frequency intefvals of
approximately 100 MHz. While the reflectometer data is
taken at equal frequency intervals, the integrals are in

terms of wavenumber, l/Ag,** which does not borrespond—

ingly occur at equal intervals. The method used in pro-

*At this point the complex voltage reflection co-
efficient I' is transformed to the complex current reflection
coefficient T'p by the equation Ty = -T. :

**The usual definition, 2n/xg is not used here for
convenience.




gramming the integrals (32) and 33) is a point by point
calculation of the area under the curve formed by the argu-

12

ment of the integrals. This is discussed further in

Appendix B.

Selected Waveguide Discontinuities

Introduction

Four waveguide discontinuities were selected as a
library gf matching elements. Families of curves of the
characteristics of these elements, the symmetrical capaci-
tive iris, the asymmetrical inductive iris, the solid metal
inductive post, and the dielectric post, are given in Appen-
dix A. The above elements also serve as matching elements
for the impedance matching computer program. The equations
which model the matching elements are programmed in the match-
ing program and are called upon to impedance match the dis-
continuities measured by the comparison reflectometer.

Symmetrical Capacitive Iris

The symmetrical capacitive iris shown in Figure l4a
is modeled by the circuit in Figure 1l4b. This iris is
formed by obstacles of small but finite thickness with edges

perpendicular to the electric field (H

- mode in rectangu-
13

10
lar guide). The equations used are given by N. Marcuvitz

and are in terms of the physical dimensions of the iris.

Figure 14, on the next page, shows this arrangement.
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Consider now the equivalent circuit of Figure 14b. By

is given by:

= b
Bb/YO = dcsc(ZTrL/Ag) (34)
Y = B./Y 42 A (35)
and Ba/ o = Bl/ otd tan (7L/ g)
: - Zb‘ ﬁd' md'L
whe B./Y = £2/1nsec d)]-
re ¥ xgl n (Zb) 2bd

b 1 b 2 ' 2 2 4
+ . + = - I-3 cos md" o, md?
4 ! ( ) ( ( ) )51ﬁ o 36
142 ( d) 16 }\g 2b 2b ( )

and A= (1/ /1—(%) ? ).-1 | | (37)

Where the physical parameters b, 4', L, and 4 are shown in

Figure l4a, and A_ is the guide wavelength.

g
Equations (34) to (37) are programmed inthe impe-
dance matching program. They were also programmed in order

to calculate the library of families of curves in Appendix A.

" Restrictions. The equivalent circuit is valid in the
wavelength range b/>\g < 1, where Equation (34) is in error by
less than 2 percent. Equation (36) is in error by less than
5 percent when d'/b < 0.5 and 1/d < 0.5. A comparison of

calculated and measured results are made in Chapter V.
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Asymmetrical Inductive Iris

The asymmetrical inductive iris shown in Figure 15a
is modeled by the circuit in Figure 15b. This inductive
iris is formed by an obstacle of small but finite thickness
with edges parallel to the électric field (HlO - mode in
rectangular guide). The equafions used are given by N.

Marcuvitzl3

and are in terms of the physical dimensions of
the inductive iris.

Consider now the equivalent circuit of Figure 14b.

Where:
2 S
Xa/ZO = (4a/lg)(a/ﬂD') , TD'/X <<1, (38)
5 ‘

and Xb/zO = (a/lGXg)(nDl/a) » ™D /X <<1 (39)
where R« 0 L 4rwd! L

D' = J;[l+nd,1n(.eL )], 2, << 1, (40)
and D. = (4La'3/3m)* , L/d' << 1. (41)

1

Where the physical parameters b, d', L and a are shown in
Figure l1l5a. The free space wavelength is A and the guide
width is a. Equations (38) through (41) are programmed as
part of the impedance matching program. They were also

programmed in order to calculate the library of curves in

Appendix A.
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" Restrictions. The equivalent circuit is valid in the

wavelength range a < A < 2a. For D', D; < 0.2a and a < A
Equation (38) through (41) are estimated to be in error by A
less than 10 percent. A comparison of calculated and mea-
sured results are made in Chapter V. |

Solid Inductive Post

A so0lid metallic post of circular cross section with
axis parallel to the electric field (Hjy - mode in rectan-
gular guide) is shown in Figure 1l6a with the equivalent cir-
cuit in Figure iGb. The equations used are given by N.

13

Marcuvitz and are in terms of the physical parameters of

the inductive post.

Consider now the equivalent circuit of Figure 16b.

Where:
a md 2
9
-;EQ 2(S cot (EE)-S )2]csc2((1§ (42)
- \2a o a 1 a
X 2 2
and Xp - 9_(@) sin2(1x) , - (43)
Zo Ag. a a
- where S

o= 1n~[-ﬁ si‘n‘_@]— 2sin-(2-nx)
md a a
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S [F E3E 4| (o), o

n=2 b .
and 5. = & cot(ﬂﬁ)—sin(ZEi)
: 1 2 a a
N —2— 1 vsin(znnx). | (45)
: 42 Za) 2 ~a ,
n=2 Y

The physical parameters x, d, and a are shown in Figure lé6a.
Equations (42) through (45) are programmed as part of the
impedance matching program. They were also programmed in
order to calculate the library consisting of families of
curves in Appendix A.

" Restrictions. The equivalent circuit is applicable

in the wavelength range a < A < 2a. The results are reliable
to within a few percent for d/a < 0.1 and 0.8 > x/a > 0.2.

A comparison of calculated and measured results will be

made in Chapter V. |

Dielectric Post

A cylindrical dielectric obstacle of circular cross
section aligned parallel to the electric field, (H10 - mode
in rectangular guide), is shown in Figure l6a with the
equivalent circuit in Figure 17b. The equations used are

given by N. Marcuvitz13 and are in terms of the physical

parameters of the inductive post..
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Consider now the equivalent circuit of Figure 1l7b.

. afg) (ra/a) sin®(m/a) (46)

Zo o232(B) 1 = -
S o P I P oy (2D D Y i

-

JO(B) and Jl(B) are the bessel functions of the first kind

with orders 0 and 1 respectively.
and o = md/x , B = /e' Td/A.

2 L
Xa/2q — Xp/2%o = (a/2)0g)csc (WX/a)[JO(B)/JO(u)

, -
. 1 _
§3510) 9, (8) - adg(Ag @y ~ °F “/4] | (47)

: 4a gin TX|-2 sin’® TX
where So = In|md = a - a
= 1
E _ 1 sinz( 915) (48)
n=2 4/ A
where the dielectric constant ¢' = %—, and €5 is the free
o}

space dielectric constant. For an obstacle with a complex

dielectric constant, e€'-je"= £_, the above formulas are still

> A
O

valid provided €', X;/Z5 and X,/Z, are replaced by e'-je" and
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j{X,/25), and -j(X,/2,) respectively. It should be noted
that resonant effects occur for large values of €' with
attendant changes in sign of the circuit elements. Only
low loss dielectrics are considered herein and only the
real part of the dielectric constant will be considered in
this research.

Restrictions. The equivalent circuit is applicable

in the wavelength range 2a > A > a, and for the centered
cylinder (x = a/2) in a wider range 2a > X > 2a/3. Equa-
tions (46) through (48) are estimated to be in error by
only a few percent in the range d/a < 0.15 and 0.2 < x/a <
0.8 provided that neither xa/zO nor xb/zo are too close to
resonance. Since this research is concerned with reflec-
tion coefficient values < .2 the above resonance criterion

presents no problem. A comparison of calculated and mea-

sured results are made in Chapter V.

Matching Computer Program

Introduction

The computer program which calculates the physical
dimensions of the matching element and its location from
the mismatch is referred to here as the matching program.
This matching program uses an-iterating technique to deter-
mine the desired physical dimensions. The criterion which

has been used is the least root mean square of the resultant
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mismatch (LRMS).* The RMS of the mismatch reflection co-
efficient has been used as the matching criterion in this
research to reduce the net energy reflected over the band-
width. This criterion does not always lead to the lowest
peak VSWR over the matched band. If it is important to
decrease the upper limit of the VSWR obtained by using the
RMS criterion then the criterion described in the recommen-
dations section of Chapter VI may be used at the possible
expense of increasing the average VSWR over the matcﬁed
bandwidth. The term resultant mismatch is used here to
identify the reflection coefficient observed by the gen-
erator when a matching element is present in the waveguide.
In order to assist in the sélection of a matching
elemént, a library of selected matching elements has been
compiled and is given in Appendix A. The seiected matching
elements consist of the symmetrical capacitive iris, the
asymmetrical inductive iris, the solid metal inductive post,
and the dielectric post. Information is presented in the
form of plots of magnitude of current reflection coefficient
and phase angle as a function of frequency. Also, plots of
shunt susceptance are given, nérmalized to the characteris-

tic impedance, as a function of frequency.

- 1M . . 2
*RMS = i §=1J(mlsmatch reflection coefficient) '

where M is the number of data points in the preselected
bandwidth. :
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Program Description

The impedance matching computer program is described
with reference to the functional flow chart of Figure 18.

A listing of the program statements is given in Appendix B.
The impedance matching computer program is an iterative pro-
gram which iterates in three dimensional space. The space
has three coordinates of which two are of the physical di-
mensions of the matching element. The third dimension‘is
the location of the matching element relative to the mis-
match. A 3 x 3 x 3 array is used in dimension space form-
ing a total of twenty-seven points.

The program begins by reading in data and storing
needed constants. Nine seté of daﬁa cards are required as
input for this program. The symbol corresponding to the
particular data read is presented in Table 1. An explana-
tion of the data cards read is also given by comment state-
ments in the matching program listed in Appendix B.

Depending on the matching element chosen, an ini-
tial center point in dimension space is selected. This
point is denoted as the (1,1,1) point. If the capacitive
or inductive iris is selected, the I coordinate corresponds
to the thickness of the iris, and the J coordinate corres-
ponds. to the height of the iris. 1If, however, the metal
inductive post or the dielectric post is selected as match-
ing eléments, then the I coordinate corresponds to the

distance from the centerline of the post to the sidewall,
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Table 1. Impedance Matching Computer Input Data

Symbol Cofresponding Data

MACHEL Designates matching element,

EPRIM Value of the dielectric constant of the
dielectric post matching element

LE Number of data points of the calculated
mismatch reflection coefficient

FR(I) Frequency in GHz corresponding to data
points of the calculated mismatch reflec-
tion coefficient

XREL Real part of the mismatched reflection
coefficient to be impedance matched

YIMAG . Imaginary part of the mismatched reflec-
tion coefficient to be impedance matched

FRBEG, Band limits .to be matched over

FREND

NOO Number of times mismatch is to be impe-
dance matched

ALENGH (I) Value of the initial relative distance

between the measured mismatch and the
preselected matching element (the number
of different ALENGH(I) equal NOO)




and the J coordinéte corresponds to the diameter of the

post. In all cases the K coordinate corresponds to the
distance between the matching element and the mismatch. In
step 2 of Figure 18, the (1,1,1) point is used to generate

a set of satellite points on either side of the (1,1,1) point
lying on the three axes. These points are referred to as the
nearest neighbor poinfs and are described by the coordinates
(1,1,1), (3,1,1), (1,2,1), (1,1,3), (2,1,1), (1,3,1) and
(1,1,2), as shown in Figure 19. The nearest neighbor points
are of the greatest interest, therefore, in order to conserve
computer run time calculations are made only for nearest
neighbor points.

Step 2 of Figure 18, therefore consists of incre-
menting the (1,1,1) point to generate the 7 principal points
of the 27 point array. In step 3 the matching element is
selected according to the information given by the first
data card. Table 2 shows the initial tonditiohs used in the
matching program.* In step 4 the reflection coefficient of
the matching element chosen is calculated over the desired

bandwidth (given by the last data card). This is done for

*The initial conditions were selected to reduce the
run time of the matching program by selecting them as rea-
sonably as possible. Large deviations of the physical di-
mensions of the matching elements were made and in all cases
the resulting dimensions returned to the same value. Thege—
fore, there was an absence of secondary minima as a function
of matching element physical dimensions.
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(2,1,1)
- . > 1

/ (1,1,1) (3,1, 1)7
(1,1,3)’/

(1,2,1)

Figure 19. Dimension Space Coordinates, Showing
the Seven Nearest Neighbor Points



all seven points in dimension space. Step 5 calculates the
resultant mismatch between the disturbance in the waveguide
(given by data) and the calculated matching element for all
seven nearest neighbor points in dimension space. The equa-
tion used is referred to as the matching equation derived in

Appendix C and given here as:

r_ lza exp [-32BLI4T7p-2 Tyalyp exp [-328L) (49)
It 1—1‘IaI‘Ib exp I_jZBLI

rIa is the current reflection coefficient of the disturbance
at point A in an otherwise matched transmission line, FIb

is the current reflection coefficient of the disturbance at
point B in an otherwise matched line, and L is the distance
between points A and B in Figure 20.* Equation (49) gives
the total current reflection coefficient as seen by the gen-
erator as a result of two disturbances located in the line at
points A and B. The equation is in. terms of the individual
current reflection coefficients that would be generated if
each disturbance were placed individually in an otherwise
matched transmission line. The program is implemented such
that either T'y, or TI'yy can play the roll of the matching

element. If the disturbance is matched by placing the

*The complex current reflection coefficient Ty7 is
equal to the negative of the complex voltage reflection co-




54

A
L o
’l
o e — P
a Yo
fo _———
| T1a _:;):
i
(a) . T15 Originating at |
i Point A :
|
o___.____-
Yb YO
gy s
Ib T & :
(b) T Originating at n
Ib .
| Point B !
J' ]
c - - -
% Ya %Yo
0——_._._

e —o! f
(c) FIt Combined Reflection Coefficient

Figure 20. Current Reflection Coefficients Generated by
Disturbances on an Otherwise Matched Trans-
mission Line '




55

matching element on the generator side, then the matching
element is represented by I'1p. If matching is accomplished
on the load side of the disturbance, then the matching ele-

ment is represented by I'ij.

Table 2. Matching Element Initial Conditions on Dimensions

Element Thickness Height

Capacitive Iris 0.05 cm 0.32 cm

Inductive Iris : 0.65 cm 0.32 cm

Element Diameter Sidewall Distance
Metal Inductive Post 0.16 cm 0.47 cm
Dielectric Post . 0.16 cm 0.47 cm

At this point in the program the resultant mismatch
as a function of frequency at intervals of approximately 100
MHz has been calculated for each point in dimension space.
Step 6 of Figure 18 determines the root mean sgquare (RMS)
value of the current reflection coefficient over the fre-
guency band of interest, i.e., the seven RMS mismatch values
corresponding to the seven points in dimension space. Step
7 of Figufe 18, selects the smallest of these RMS values
or least root mean square (LRMS) and determines its corres-

ponding coordinates in dimension space.
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Step 8 is a branch decision.. If the point selected
in step 7 is not equal to the (1,1,1) point then the branch
is made to step 1l and the values of the dimensions of the |
point (I,J,K) corresponding to the LRMS are assigned to the
(1,1,1) point. 1In effect this moves the (1,1,1) point in
dimension space. The computer returns to step 2 and calcu-
lates new nearest neighbor points around the new (1,1,1)
point. If, however, the point corresponding to the LRMS in
step 8 is in fact the (1,1,1) point, then a regional minimum
has been determined and a check is made on the size of the
increment. If the increment size has not been reduced to
1/8 the original size at the beginning of the program the
éomputer reduces the existing increment size by a factor of
2 in step 12 and returns to step 2 to determine a better
representation of the minimum mismatch. On the other hand,
if the increment size has been reduced by a factor of 8 then
the computer exits step 9 and prints, plots and punches re-
sults. ' The initial increment size used in the proogram is
shown in Table 3 and was determined empirically to avoid
large differences in reflection coefficients from neighbor-
ing points.

Program Output. The matching program output con-

sists of printout, plots, and punched cards. A typical
printout is given in Figure 21. The type of matching ele-
ment, the bandwidth matched over, the physical dimensions

of the matching element and the location of the matching
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element from the mismatch toward the generator is given.

The modulus of the reflection coefficient of both matched and
unmatched discontinuity as well as the VSWR of the matched
discontinuity are -given.

A typical plot is given in Figure 22. The VSWR of the
original discontinuity as well as the VSWR of the impedance
matched discontinuity are given on the same plot as a
function of frequency.

In order to add more flexibility to the impedance
matching computer program,the output also consists of a set
of punched cards which are punched accdrding to the format
of the data cards for the matching program. The real and
imaginary parts of the resultant mismatch are punched on
these cards. Therefore, if it is desirable to improve on
the existing impedance match, the output cards may be used
as data cards for the matching program and the type ;f
matching element changed to provide, in many cases, an
improved impedance match. The result is the original
discontinuity matched by two matching elements. The lo-
cation of the second matching element calculated by the
matching program is~referenced to the element nearest the
generator, resulting from the first impedance match. This

can be done as many times as may be deemed practical.




59

Table 3. Initial Increment Size of Physical Dimensions
: Capacitive and Metal and
Dimensions¥* Inductive Iris Dimensions* Dielectric Post
Relative 0.1 Relative 0.1
Distance Distance
Thickness 0.01 Sidewall 0.01
Distance
Height 0.1 Diameter 0.05

*in centimeters

Figure 22.
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CHAPTER IV

EXPERIMENTAL EQUIPMENT

Introduction

The comparison reflectometer system and various test
waveguide discontinuities constitute the experimental equip-
ment. The comparison reflectometer shown in Figﬁre 23 is
comprised of various microwave components including a back-
ward wave oscillator (BWO), a coherent synchronizer, a
ratio meter, and directional ocouplers.

Four waveguide discontinuities were fabricated and
measured to demonstrate the validity of Equations (III-34)
through (III-48). A shunt slot radiator was also fabricated
to demonstrate thé validity of the impedance matching tech-

nique.

Comparison Reflectometer System

" Functional Diagram. A block diagram of the comparison

reflectometer system fabricated for this research is shown in

Figure 23. A photograph of the system is given in Figure 7.
Microwave energy is generated by the backward wave

oscillator (BWO) and is directed through the waveguide to

the pin diode modulator. The modulator amplitude modulates

the microwave energy at the audio oscillator frequency of

1 KHz. While the audio oscillator generates a sine wave,
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the modulator is driven to the extent that the output of the
modulator is an amplitude modulated square wave. The iso-
lator serves to prevent reflected energy from pulling the
BWO frequency. The wave is next partially reflected by the
reference step. This step reflects a known ratio of inci-
dent energy from the reference plane. The amplitude and
phase of this reflection cdefficient is constant over the
frequency band. Next either the matched load is attached,
in which case essentially all of the remaining wave is ab-
sorbed, or the unknown is attached in which case part of the
energy is reflected from the unknown and the remaining en-
ergy is absorbed in a matched load.

The two directionalicouplers Cl and C2 provide feed-
back necessary to ensure a phase locked, constant powér out-
put from the BWO. Couplers C3 and C4 are the essential el-
ements of the reflectometer. The incident wave traveling
toward the load is coupled out by C3. The reflected wave is
coupled out by C4. Couplers C3 and C4 are terminated in a
square law detector. The output of each detector is a
square wave whose amplitude is proportional to the square of
the electric field intensity incident on the respective
detector. The ratio meter takes the ratio' of these two in-
put signals and provides a voltage output that is propor-
tional to the square of the total reflection coefficient.
This reflection coefficient can either be the total re-

flection coefficient of the reference step and the measured
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device or it can be that of the reference step terminated

by a matched load. This voltage output E is measured by the
digital voltmeter, and the value measured is punched on
paper tape at the command of the push button.

The BWO is phase locked every 50 MHz by the coher-
ent synchronizer from 7.975 GHz to 12.425 GHz. At each of
these 89 phase lock points a measurement is taken by de-
pressing the push button, Figure 23. One complete set of
measurements is made with the reference step terminated in
a matched locad and a second completé set is taken with the
reference step terminated by the unknown device.. During
these measurements the gain of the ratio meter is left un-
disturbed. From the data collected the magnitude of the
total reflection coefficient of the reference step termina-
ted in the unknown device may be calculated by the digital
computer. Detéiled‘operating instructions for the comparison
reflectometer are given in Appendix C.

Backward Wave Oscillator. The RF source used in

this research is an Airborne Instruments Laboratory, Sweep
Oscillator type 210. This BWO is used with the plug in
unit which provides a frequency sweep from 7.975 GHz to
12.425 GHz. The oscillator frequency can be controlled

by an external sweep voltage or by an internal sweep gen-
erator. The internal sweep can be set to a repetitive
sweep with a variety of sweep rates or can be set up to

sweep once through the band and return to the lowest
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frequency, remaining there until activated by a front

panel push button. The rate of this sweep is an adjustable
parameter. In the feflectometer setup of Figure 23 the BWO
is operated in this internal signal sweep mode. The RF
signal is then blanked out whilé the oscillator is return-
ing to the lowest frequency. The oscillator then remains
at this starting frequency until again triggered by the
front panel push button. In order to enable the coherent
synchronizer to phase lock and a voltage reading to be
taken, the oscillator sweep_is slowed down by adding an.
external 200 micro- farad capacitor to ﬁhe connector pro-
vided on the back panel of the unit.

When the oscillator frequency is in a capture re-
gion of the coherent synchronizer a correct errgr signal to
the helix of the BWO will result in the phase locking of
the BWO to the crystal controlled oscillator of the co-
herent synchronizer. The frequency is then held within 7
parts in 10°. When the internal sweep voltage increases
sufficiently to overcome the error correction signal on the
helix of the BWO, the phase lock is broken. The error sig-
nal returns to zero, and the sweep signal resumes control of
the RF output. The RF frequency, therefore, continues to
increase until it again is within the lower bound of the
2.5 MHz capture region of the 25 MHz IF of the coherent

synchronizer. In this way, the BWO is phase locked every
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50 MHz from 7.975 to 12.425 GHz. This is done automatically
with perfect repeatability when the system is properly set
up. The entire run of 89 measurements requires 10 to 15
minutes depending on the selected sweep rate.

' Coherent Synchronizer. The instrument used to obtain

desired phase locks is the Sage Laboratories, Inc. model 244

coherent synchronizer. This device is generally used to
phase lock a source at a single frequency. Because of this,
the unit is equipped with five crystals in the basic os-
cillator. Depending on the frequency at which the phase
lock is desired, one of the crystals operating at 5000.000
KHz, 5012.500 KHz, '5006.250 KHEz, 5000.00 KHz, or 4993.750 KHz
is selected. One of the 5000.000 KHz crystals is used in
the fixed mode. The other four crystals are used in the
variable mode. In the variable mode,. by selecting the
correct crystal and pulling the frequency of this crystal by
a variable front panel control, any frequency from 100 MHz
to 18 GHz can be phase locked. However, in the fixed mode
thelbasic oscillator operates at a crystal controlled fre-
quency of 5.000000 MHz. This signal is multiplied by a
frequency multiplier chain to provide a 100 MHz signal,
Figure 24. Functionally, the 100 MHz signal excites a
varactor multiplier which in turn generates harmonics from
100 MHz to 18 GHz. Each harmonic is 100 MHz aparﬁ. This
signal is then applied to the mixer which also has as an

input the RF signal fromthe BWO oscillator to be phase
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locked. The output of the mixer is the sum and difference
of the two inputs. This output is the input to the 25 MHz
amplifier which has a 2.5 MHz 3 dB bandwidth. If there
exists a signal within approximately 1.5 MHz of 25 MHz
this signal is amplified. Other signals are not amplified.
The level meter gives an indication of the presence of a
25 MHz signal. Therefore, when a phase lock has occurred
there is positive indication on the level meter. The output
of the 25 MHz amplifier drives a phase detector which com-
pares the phase of the 25 MHz reference signal tapped from
the multiplier chain with the output of the 25 MHz amplifier.
The output of the phase detector is an error signal which,
after being amplified,‘is applied to the helix of the back-
ward wave oscillator. This error signal can be monitored
by the phase meter.

Because the comparison reflectometer phase locks
at 50 MHz intervals, the reference oscillator of the coher-
ent synchronizer is set in the fixed position. Therefore,
the output of the harmonic generator is a frequency comb
with harmonics at intervals of 100 MHz from 106 MHz to
18 GHz. A phase lock will occur when the RF signal input
to the mixer is 25 MHz on either side of a harmonic on the
comb, Figure 25, since the difference of the harmonic and

the input RF from the BWO is 25 MHz at these points.
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It was particularly important for this research to
optimize conditions of the harmonic comb of the harmonic
generator. In order to make a rapid set of measurements it
is important to phase lock automatically from one desired
frequency to the next. This requires essentially a single
adjustment to the coherent synchronizer controls. It was
discovered initially that this was impossible to do and in
fact some of the desired phase lock points were not achiev-
able. Further investigation pointed out that the spectrum
of the harmonic comb from the harmonic generator was not at
a constant level. 1In fact, some harmonics were apparently
not present.

While it is convenient to consider the harmonic gen-
eration and the mixing as two separate operations, in the
model 244 both are accomplished in one step by a single
varactor. It was discovered that this varactor was not bi-
ased correctly to provide a relatively constant 25 MHz IF
signal when the BWO was swept through the frequency band.

This is equivalent to saying that the harmonic generator
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was not providing a flat spectrum throughout the bandwidth.
Adjustments were made to achieve this flat spectral behav-
ior by observing the 25 MHz signal at the BNC connector
"TP1l" provided on the 25 MHz amplifier. Details of this
adjustment are given in Appendix D.

A single adjustment to the error signal potentio-
meter enables consistent automatic phase locks as the BWO
sweeps slowly through the band. Because the IF levels are
relatively constant the time duration of the phase locks
are also relatively constant. Further, this phase lock
time can be adjusted by increasing or decreasing this max-
imum allowable exrror to the helix of the BWO. By increas-
ing the maximum error voltage a given phase lock exists for
a longer period of time.

Ratio meter. The ratio meter, Hewlett-Packard model

416B was used to determine the ratio of the incident and re-
flected electric field intensities, Figure 23. This ratio
meter has two inputs, both are 1 KHz square wave signals
whose amplitudes are proportional to the square of the inci-
dent and reflected electric field intensities of the output
of the 10 dB directional couplers. Two Hewlett-Packard model
424A crystal detectors operating in the square law region
were used, at the output of the two directional couplers C3
and C4, Figqure 23.

The output voltage of the ratio meter is related to

the reflection coefficient measured by the relation:14
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2
|IT] =& tan 6 , (1)

where £ is a proportionality constant depending on the ref-
erence adijustment, and the angle 0 is expressed in terms

of the output voltage measured:12

6 = YE/Emax ’ A (2)

where E is the voltage measured, Ema is the voltage meas-

X
ured when the meter reading is at the uppermost point of

the scale, and Yy is defined as a conduction angle. The con-
duction angle Y was determined by programming Equation (3)
on a desk calculator. A discontinuity with a known value
of |T(f)| was selected and measured at two different fre-

quencies such that,

IFlI = tan {Y'El/Emax} (3)
N

tan {YE2/Emax

E,, E, and Ej,, Were measured and |T';| and |T,| were known.
The unknown Y was calculated by an iterative technique to
satisfy Equation (3). In most cases the value of Eax for

the particular ratio meter used is 6.928 volts, giving a

value for the proportionality constant,
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Y/Emax = (56.67/180) (1/6.928)

= 0.1426 radians (4)
volt '

Digital Voltmeter. The voltage recording system

used is a Dymec Model DY-5552A voltage measuring and re-
cording system. The system consists of a Model DY-2210
voltage-to-frequency converter, a Hewlett-Packard model
5211 A/E electronic frequency counter, a model DY-2540
scanner/coupler and a motorized tape punch. The voltage-
to-frequency converter converts the voltage output of the
ratio meter to a proportional frequency. This frequency is
sampled and counted by the frequency counter. The display
of this counter is the voltage accurate to the millivolt.
The output of the counter is then scanned by the scanner/
coupler, and the paper punch records the voltage. The
counter is triggered with a remotely located push button.

Reference Step. The reference step, Figure 26, was

fabricated for the comparison reflectometer according to the

design given by D. L. Hollway.12

The reference step is a
gradual symmetrical E-plane taper. At the reference plane
the guide suddenly resumes the standard guide dimensions re-

sulting in a reflection at the reference plane. The mag-

nitude and phase of the reflection coefficient of the ref-

erence step are essentially constant over the band 8.0 to
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Figure 26. Reference Step

12.4 GHz. This was verified‘by the National Bureau of
Standards over the band 8.2 GHz to 12.4 GHz, Figures 27

and 28. The reference step was measured in a line,termi-
nated in a precision matched load, the two separated by a 15
- centimeter length of precision waveguide. Frequency marker
pips are provided at 9, 10 and 11 GHz.

A detailed error analysis of the sweep frequency cal-
ibration results has not undergone full NBS review. How-
ever, the uncertainty in the return loss magnitude is be-
lieved to be within + 2%. This is an unecertaintyv of less
than 0.006 in reflection coefficient. The uncertainty in
reflection coefficient angle is believed to be within %+ 2.5
degrees. These uncertainties were obtained by swept fre-
quency measurements on a calibrated sliding load by NBS.

The magnitude of the reflection coefficient for the
reference step is calibrated at .2 t+ .011 (VSWR = 1.5 #

.034) according to the results of Figure 27. In order to




Y e (L L

o

LREQUENPY Pripps 52 =2 #funz

2’5.

Peree ¥ Kess MEp simprtera T

T Fef SR

7ERP ABS TesT

=

es

,

‘e eGLI2E LLREN

x BAwd U

Return Loss

Reference Step,

27.

Figure




simplify programming a constant value (0.2) has been used
for the reference step. Figure 28 shows the phase angle va-
riation to be negligible, therefore, the angle has also bgeh
considered a constant, and the phase of the disconuity meas-
ured by the comparison reflectometer is referenced to it.
The variation present in the curve of Figure 28 is due to a
phase variation of 2B8L where L is the separation between the
MBS reference plane and the step measured.

Typical Recorded Voltages. Voltages recorded by the

comparison reflectometer setup consist of two sets. The
first set refered to as the reference set is taken with the
reference step terminated with a matched load, Figure 29a;

A second set of voltage readings is takeﬁ with the referénce
step terminated in the device to be measured, Figure 29h. A
typical set of measurements for a éymmetrical capacitive
iris at 50 MHz intervals from 7.975 GHz to 12.425 GHz jis
given in Table 4.

The reflectometer computer program, Appendix B, uses
Equation (III-31) to calculate the total magnitude reflection
coefficient of the reference step and the discontinuity to
be measured as shown in Figure 30. The data points of
Figure 30 are connected by a pontinuous curve, however
|T| is only known at frequency points separated by 50 MHz,
starting at 7.975 GHz. [T (f)| of Figure 30 is the function
that is Fourier transformed from the wavenumber to the dis-

tance domain using Equations (III-22, 23), where G(v) is
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1

Reference I Precision Matched
Step Guide Load

(a) Reference Step Terminated by a Matched Load

' Precision Guide

O

Reference i Device to be Matched
Step Measured Load

(b) Reference Step and Test Element Terminated by a
Matched Load

Figure 29. Measured Setup of Reference Step




Table 4. Typical Voltage Measurements, Read from Left to Right, and Top to Bottom

RZFERENCE VOLTAGE DATA

2e839  2.041  3.171 2.775  3.691 5,176 3.140 2.830 2.277 2.719 2.310 2.916 2.885 2,713 3,157
720561777 Zu875 T 20998 TRTIAYTT R 3VT 3286 T3 161 30463 37017 37010 3.161  2.855 3,064 3,180 2.982
34130 3,092 2,979 3,138 3,027 2.995 3,103  3.00% 3,950 3.171 3.128 3.252 3.352 3.205 3.253

37277 3.0%9 5.18%  3.191  3.112  3.302  3.388 3.296  3.418  3.442 3,768 3.279 3.292 3.090 3.108

3.169 2.939  3.041  3.200 3,135  3.180 3.358  3.306 3,247 3,350  3.314  3.254 3,338 3.315 3,192

T3J1877 7 30132 30035 3,023 3,035 727976 3.069 3.19% 3,183 3,219 3.371 30335 3.244 3,289

 VOLTAGZ DATA #ITH UNKNOWN IM LINE

T1.105 1,870 " 2.3287 U600 TTTSU359T T T 2,080 1.155 i.112 30107 Tu.627  G.82177 4,294 2,701  .980
1.296  2.9%5 4,378 5,037 4,778  5.680 1,990 1,028 2.263  4.291 5.329 5.471 4.876 3.161 .991
328 T 2.4347 G4.158  5.378  5.771 5,099 3,317 1l.446 . 729 1.553  3.758 5.591  6.157 5,6R5 4,339
247350 « 594 «UN9 3,244 5,235 6.093__ 6.159 _ 5.601 4,045 1.601  .382 _1.5248 = 3.661  5.311 6,181
6279  5.459  3.538  "1.204 .281 1.5107 4,002 5,880 6.617 6.516  5.646 3.899 1.519 .184 1,213
3.pBL 5.9%0 5.399_ _6.464 5,897 4,385 1,948 .162 L6148 2.956  5.286 6.530 _6.900 6,565

LL
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given by Eguation (III-18).

Description of Instrumental Frrors. All reflectometers

suffer from small imperfections such as a lack of perfect
directivity in the directional couplers and discontinuities
in the couplings and imperfections in the waveguides. Gen-
erally, the two crystal detectors have different frequency
responses, and these can cause changes in the output re-
sembling those from reflections.. The coupling coefficients
of the directional couplers also vary slightly with fre-
quency.

In the comparison reflectometer all measurements are
made by comparison with a single known standard, the ref-
erence reflection Fr, and therefore, all of the instrumen-
tal defects are nearly cancelled out.

Consider a test component having no internal re-
flecfions. When the reference readings are taken, all tﬁe
instrumental defects show up as a variation in E. with fre-
guency. However, the testvreadings E will be equal to
Er at every frequency and from (III-31), G(v) is constant
with frequency and a, and b, in (III-22, 23) are zero.
Therefore, the instrumental errors have been cancelled out
completely.

When a test component includes reflections, a high
degree of cancellation still exists. The instrument defects
correspond to a pattern of reflections spaced at different

distances from the reference. Because these contribute to
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both readings, only a small residue can appear in G(v), and
fhen only when a reflection in the test component T, is in
the vicinity of an instrumental reflection Ij. In the worsé
case, wheh the two coincide in positioﬁ and phase, it has

been shown by Hollway that:

Il -

r - (1-|T r 5
¢’ (measured) | Cl(true)( l ill c]) (5)

(true)

Since Ty is small this error usually may be neglected.

A very serious error occurs should a phase lock be
missed, and special care must be taken to ensure that this
does not occur. If a phase lock is missed the entire set of
measurements must be repeated, unless theyvalue of the re-
flection coefficient can be determined at the point that was
missed.

The method of taking measurements cancels out a great
many errors; however, the drift with time of the ratio meter
is not cancelled out. Thefefore; it is important £o take the
two sets of measurements as quickly as possible to minimize
this drift error. The effect of this drift is démonstrated
in Figure 31a. Two sets of measurements were taken, each
with the reference step terminated in a matched load sep-
arated by precision guide. Equation (III-22, 23, and 26)
were applied to the data of Figure 3la to obtain the modulus

of reflection coefficient as a function of distance given in
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Figure 31b. The noise level of the system was always found

to correspond to a reflection coefficient variation of 1less

than

point
a few
of *3

these

error

00005 as a function of distance.

After calibration of the equipment, it was found that
reflections could be iocated in the waveguide within
tenths of a millimeter and measured with an accuracy
percent in magnitude and *5 degrees in phase angle;
results agree with those of Hollway.l This phase

has been verified by comparing the phase of the meas-

ured sample capacitive iris, inductive iris, metal induc-

tive post, and dielectric post referenced to the unit con-

ductance circle. These results are detailed in Chapter V.



CHAPTER V
EXPERIMENTAL VERIFICATION OF COMPUTED RESULTS

Introduction

A set of experiments were conducted to validate the
theoretically determined values of reflection coefficient and
resultant mismatch. Computed results and measured results
are presented in the following pages. As a verification of
the validity of the waveguide element equations given in
Chapter III a symmetrical capacitive iris, asymmetrical iﬂ-
ductive iris, metal inductive post, and a dielectric post
have been fabricated and were measured using the comparison
reflectometer and also using a slotted line. A standard
waveguide mismatch was also measured by the comparison re-
flectometer and by the slotted line. 1In all cases the
slotted line measurements, comparison reflectometer measure-
ments and calculated results are within the uncertainty of
the comparison reflectometer.

The utility of the impedance matching prograﬁ was
tested in two demonstrations. In the first a capacitive
iris was matched with a second capacitive iris as the match-
ing element, and the resulting impedance match agreed with
the expected result for the simple combination of waveguide

elements.



In order to demonstrate the power of the impedance
matching technique a shunt slot radiator was fabricated,
measured, and impedance matched. A comparison of predicted
and measured resultant reflection coefficients is pré¥

sented at selected frequencies.

Reflection Coefficient of Selected Waveguide Elements

The accuracy of the comparison reflectometer was dem-
onstrated with corroborativé measurements of several ele-~
ments taken with both the comparison reflectometer and a
slotted line setup. The measurements also demonstrate the
validity of Equations (III-34) through (III-48) as models
of the waveguide matching elementé in this research.

Waveguide Standard

An X-band standard disturbance, Ga. Tech Model
SR120X, with a VSWR of l.i9 was measured by the comparison
reflectometer. Voltage measurements were recorded with the
standard located 30.2 centimeters from'the reference plane
of the comparison reflectometer. Calculations of the mag-
nitude of the reflection coefficient as a function of dis-
tance were made using Equation (III-31) and results have
been platted in Figure 32. The plot of Figure 32 appears
as a continuous curve; however, only the discrete points at
50 MHz intervals from 7.975 GHz to 12.425 GHz are precisely
known. This curve shows the expected periodic dependence
on frequency as a result of the constructive and destruétive

interference of waves reflected by the reference step and by
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the measured discontinuity.

The magnitude of ‘the average reflection coefficient

generated as a function of distance was calculated by the

computer program Test 1, listed in Appendix B. These cal-

culations were made using the results shown in Figure 32

and Equationg (TIT-22), (ITI-23) and (III-2f), A curve of

the reflection coefficient generated as a function of dis-

tance is presented in Figure 33. An accurate electrical lo-

cation was determined by measuring the distance at the 3 dB

(half power points) and averaging the two distances. The




electrical location as found by this procedure was 30,14
centimeters from the reference plane of the reflectometer.
The difference between this apparent electrical location

and the physical location is .04 centimeters.
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Figure 33. Electrical Location of a Waveguide Standard

The complex reflection coefficient as a function of
frequency is calculated at the electrical center by Equa-
tions (III-22), (III-23) and (III-26) using overlapping in-
tervals of integration as described in Chapter III and Appen-
dix B. The computer program Test 2, Appendix B, implements

the above equations to obtain the complex current reflection




coefficient as indicated, Figure 34. Slotted line measure-
ments were taken at the selected frequencieé of 9.0 GHz,

9.5 GHz, 10.0 GHz, 10.5 GHz, 11.0 GHz, and the maximum dif-
ference hetween slotted line measurements and reflectometer
measurements is only 5%. This difference is within the un-
certainty of the slotted line measurement. The phase of the
waveguide standard is shown in Figure 34b on an expanded
scale. The small variation of oﬁe to eleven degrees in
phase angle as a function of frequency is characteristic of
the waveguide E-plane step.

Waveguide Matching Elements

A symmetrical inguide capacitive iris, asymmetrical
inguide inductive iris, solid inguide inductive post, and an
inguide dielectric post were fabricated and their reflection
coefficients measured. The results of these measurements
were compared with the calculated reflection coefficients
using Equations (III-34) through (III-48) for the respec-
tive waveguide elements.

Table 5 provides a comparison of the physically meas-
ured location and the avparent electrical location of the

various elements as measured hy the comparison reflectometer.
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Table 5. Location of Fabricated Waveguide Elements

Waveguide Reflectometer
Elements Location in Result Location Difference
Centimeters in Centimeters
Capacitive Iris 27.0 26.94 -0.06
Inductive 1Iris 27.0 27.16 +0.16
Inductive Post 27.0 27.24 . +0.24
Dielectric Post 27.1 27.02 -0.08
Waveguide 30.2 30.16 -0.04

Standard

It is interesting to note that the electrical loca-
tion of the capacitive iris appears .06 centimeters on the
generator side of the geometrical location. The.waveguide
standard, also capacitive, is located electrically .04 cen-
timeters on the generator side of the geometrical 1ocati§n.
This trend is also followed by the dielectric post which
appears electrically to be .08 centimeters on the generator
side of its geometrical center, and is also capacitive.

On the other hand, the inductive post appears to be located
.16 centimeters on the load side of the geometrical location.
Therefore, it could be concluded that a capacitive element
appears electrically to be in front of its physical posi-
tion while an inductive element appears electrically to be

behind its physical location. This interesting observation
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has little consequence as far as impedance matching is
concerned as long as the complex reflection coefficient is
computed at the electrical center.

The phase angle of the complex reflection coeffi-
cient at the apparent electrical location is different from
the phase at the physical location by a factor of 28L
radians where L is the difference in the two locations. Re-
flectometer calculations of the complex reflection coeffi-
cient were made for the apparent electrical location of each
sample element; theoretical calculations (Equations (III-34)
to (III-48)) were made for the respective physical location.
The results obtained by the comparison reflectometer should
have the phase correction (2BL) applied before comparing
with theoretically predicted results. In the following,
comparisons are made between the predictéd calculated
phase at the physical location with that of the measured

phase at the electrical location.

The fabricated symmetrical capacitive iris, Figure 14,
(Chapter III) was measured by the comparison reflectometer.
A plot of the average magnitude of the reflection coeffi-
cient generated as a function of distance appears as Figure
35. The complex reflection coefficient was calculated at
the electrical location of 26.94 centimeters. This complex
current reflection coefficient is displayed by the admit-
tance Smith chart plot shown in Figure 3A., Aall Smith chart

plots presented in this thesis are referenced to a matched
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load termination. As the observer moves away from the loca-
tion of the disturbance the phase of the complex reflection
coefficient varies according to exp (-j2BL) whére B is given
by Equation (I-1) and L is the distance between the location
of the disturbance and the observer. For a frequency of

10.0 GHz the phase sensitivity is 182.88 degrees per centi-
meter distance. The departure of the measured points in
Figure 36 from the unit conductance circle can be attributed
to the 0.06 centimeter difference between the physical center

and the electrical center. This difference in distance re-

Sults in a phase angle difference of approximately 11
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degrees at 10.0 GHz. The actual phase difference measured
from Figure 36 is approximately 5 degrees. This difference
in phase is within the predicted accuracy of the comparison
reflectometer.l

A comparison of the measurements taken of the fabri-
cated capacitive iris and the calculated results are shown
in Figure 37. In Figure 37, a curve of magnitude of reflec-
tion coefficient is given as a function of frequency. Su-
perimposed on this curve are the theoretical points and the
slotted line measurements, both at selected frequencies.
There is good agreement between the three sets of results.
The phase, in Figure 37b, is compared with the calculated
phase at selected frequencies. The measured results are
in good agreement with the predicted characteristics and it
can be concluded that the capacitive iris is adequately
modeled by Equations (III-34) through (III-37) in the im-
Pedance matching computer program listed in Appendix B.

The fabricated asymmetrical inductive iris of Figure
15 was also measured by the comparison reflectometer. A
plot of the average magnitude of the reflection coefficient
as a function of distance is given in Figure 38.

The complex reflection coefficient was calculated
at the apparent electrical location of 27.16 centimeters
with respect to the reflectometer reference plane. This
complex reflection coefficient is given by the admittance

Smith chart plot of Figure 39. The results of Figure 39 are
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within the uncertainty of the comparison reflectometer when
electrical and physical center separétion are taken into
account. A comparison of the measurements taken of ‘the fab-
ricated inductive iris and the calculated results are shown
in Figure 40. The measured magnitude of the reflection co-
efficient is plotted as a function of frequency in Figure
40a, and compared to theoretical points and slotted line
measurements, both at selected frequencies. There is good
agreement between the three sets of data.

The phase in Figure 40b, is compared with the cal-

culated phase at selected frequencies. The 29 degrée dif-

ference in phase between the measured and calculated results
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is largely due to the difference of 0.16 centimeters (equiv-
alent to 29.8 degrees at 10 GHz) between the electrical and
geometrical locations. Therefore, it can be concluded that
the measured result is in good agreement with the predicted
characteristics.

A sample of the metal inductive post of Figure 16,
was given a similar experimental check. A plot of the aver-
age magnitude of the reflection coefficient as a fUnétion

of distance is given in Figure 41l.
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The complex reflection coefficient was célcuiated at the
apparent electrical location of 27.24 centimeters. This com-
plex reflection coefficient is displayed, Figure 42, by the
admittance Smith chart plot. While the difference in phase
between the calculated and measured results is 44 degrees at
10. GHz, the difference in phase between the geometrical
location and the electrical location is 43.89 degrees cor-
responding to the N.24 centimeters of Table 5. Therefore,
there is a difference of only 0.11 degrees which is well
within the accuracy of the reflectometer.

A comparison of the experimental and theoretical data
for the fabricated inductive post is shown in Figure 43. 1In
Figure 43a, a curve of magnitude of reflection is given as a
function of frequency. Superimposed on this curve are the
theoretical points and the slotted line measurements, both
at selected frequencies. Again good agreement is found
among the three sets of results.

The dielectric post sample was fabricated from
hot-pressed boron nitride, HD-0092. Boron nitride has a
relative dielectric constant of 4.07 and a loss tangent of
0.0003.

The locating plot of the average magnitude of the

reflection coefficient as a function distance is given in

Figure 44.
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The complex reflection coefficient was calculated at
the electrical location of 27.02 centimeters. For this ele-
ment, the expected difference in phase resulting from the
lack of coincidence of geometrical and electrical centers is
14.6 degrees. The actual phase difference between the meas-
ured response and the unit conductance circle is 16 degrees,
shown in Figure 45. Therefore, the difference in predicted
and measured phase is only 1.4 degrees.

In a test of resolution of the technique a fabricated
capacitive iris and an inductive iris were measured at the

same time by the comparison reflectometer. The capacitive
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iris was located 27.00 centimeters from the reference plane -
and the inductive iris 51.00 centimeters from the feference
plane. A curve of the total magnitude of the reflection co-
efficient of the reference step, capacitive iris, and induc-
tive iris is given by Figure 47a. From this information the
average mégnitude of the reflection coefficient generated

as a function of distance is calculated, Figure 47b. The
electrical location for the capacitive iris is calculated to
be 26.98 centimeters, and that of the inductive iris 51.16
centimeters. The difference in the geometrical and electri-
cal location of the capacitive iris is .01l centimeters. In
Table 5, for a single capacitive iris in the guide the dif-
ference is N.NA centimeters.

The distance between the electrical and geometrical
locations for the inductive iris is 0.16 centimeters and
compares with the N.1f cm Aifference of Tahle 5. This good
agreement between the single disturbances and multiple dis-
turbance tests made by the reflectometer tends to justify

the approximations made in Chapter III, Equation (14).

Impedance Matching

Impedance Matching a Capacitive Iris

In a trial test of the impedance matching program a
single capacitive iris was used as the waveguide disturbance.
A second capacitive iris was selected as the matching ele-
ment. The disturbance was impedance matched over three dif-

ferent bandwidths to demonstrate the adaptahility of the im-
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pedance matching program. The iris selected as the mis-
match has a thickness of 0.08l centimeters and an iris
height of 0.145 centimeters.

If an impedance match were calculated using a Smith
chart as a tool, generally, a capacitive iris of the same
dimensions would be placed a qu;rter wavelength from the
first iris, where the wavelength corresponds to the center
frequency of the matched bandwidth. Using this procedure
there would be no control of the resulting mismatch over the
‘rest of the band. The impedance matching computer program,
Appendix B, calculates the combination of physical dimen-
sions and relative distance between elements which results
in the least root mean sguare mismatch over the bandwidth
to be matched. Therefore, the technique developed in this
thesis provides some control over the resulting mismatch
over the entire bandwidth. This can be seen by considering
Figure 48. 1In Figure 48 the VSWR of the initial mismatched
capacitive iris is given together with three other curves
of VSWR, one for each match band.

The narrowest band provides the smallest mismatch
at the center of the band, but the mismatéh increases more
rapidly than that of the broader band impedance match. The
narrowest band match is from 10.195 to 10.595 GHz, with a
center frequency of 10.395 GHz. At the center frequency the
VSWR is equal to 1.0006. The next broader bandwidth is from

9.795 GHz to 10.995 GHz, also with a center frequency of
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10.395 GHz. At the center frequency the VSWR is equal to
l.022.

While the effectiveness of the broad band impedance -
matching program is demonstrated in these test runs, the
restriction of the matching element to a second capacitive
iris makes the change in resultant mismatch small.

Shunt Slot Radiator

The shunt slot radiator has been selected to demon-
strate the power of this computer'aided impedance matching
technique. Interest in the slot was primarily motivated by
by the need to broadband impedance match this element when
it is used in a broad side steerable array. While this re-
search is concerned primarily with inguide disturbances,
the radiating slot provides an interesting application of
this matching technique.

The reflectometer measured the slot apparent electri-
cal location as 28.68 centimeters from the reference step
as shown in Figure 29. The geometrical center of the slot
is located 27.0 centimeters from the reflectémeter refer-
ence step.. Therefore the electrical center is located 1.68
centimeters on the load side of the physical center of the
slot.

The shunt slot is a radiating device, and there are
surface currents on the outer surface of the waveguide in
the vicinity of the slot. These surface currents together

with the disturbed surface currents on the inside wall of




the slot, determine the electrical location of._the slot as

measured by the comparison reflectometer.
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Figure 49, Distance Plot of the Shunt Slot Radiator

Unlike the nonradiating elements, the shunt slot
radiator showed a marked separation between the electrical
location and the geometrical location.

In Figure 50a, and 50b the magnitude and phase of
the complex reflection coefficient at the apparent elec-
trical location are given. These results were calculated
by the comparison reflectometer programs, Test 1 and 2.

It is possible to calculate the complex reflection coeffi-
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cient two ways at the physical location. The complex re-
flection coefficient can be calculated at the apparent elec-
trical location and multiplied by exp (-j28(1.68 cm)) re-
sulting in the correct magnitude and phase at the physical
center of the slot. On the other hand, the complex reflec-
tion coefficient can be calculated direcﬁly at the physical
location by the prbgram Test 2. This calculation at the
geometrical location results in an erroneous result. The
error stems from the fact that the locating nature of the
transforms of Equation (III-22) and (III-23) attenuate the
magnitude of the reflection coefficient at distance points
not equal to the electrical location, shown in Figure 49.
To test for the existance of secondary regional
matching minima the slot radiator was matched by a capaci-
tive iris using several different initial positions for the
matching iris. Ideally, the matching program should find
the same match point (location, iris dimension and RMS
mismatch) independent of the starﬁing point, in the ab-
sence of secondary minima. These results are tabulated in
Table 6. The relative starting locations are the electri-
cal center, (0,0), and +0.5566, +1.1133, +1.6699 and
+2.2265 centimenters from the electrical center. These
distances correspond to 1/8 wavelength, 1/4 wavelength, 3/8
wavelength, and 1/2 wavelength magnitudes respectively at the
frequency of 9.395 GHz. The frequency of 9.395 GHz was

chosen for convenience.
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Table 6. Capacitive Iris Matching of the Slot Radiator:.
Referenced to the Slot Electrical Center

Initial Iris
Distance Distance
From RMS Iris ' Iris From
Electrical Mismatch Thickness* Height* Electrical
Center Center
of Slot* of Slot*
2.2265 0.105 0.054 0.154 2,177
1.6699 0.105 0.041 0.160 2.182
1.1133 0.064 0.044 0.185 0.013
0.5566 0.063 0.095 0.160 0.032
0.0000 0.063 0.095 0.160 0.025
-0.5566 0.063 0.095 0.160 2,031
-1.1133 0.064 0.044 0.185 " 0.012
-1.6699 0.098 0.050 0.160 -2.182
-2.2265 0.098 0.050 - 0.160 ~-2.176

*In centimeters

At any selected frequency point the complex reflec-
tion coefficient varies in phase as a function of distance
from the generating disturbance. This variation can be

expressed in the form of Equation (1):

I'(£,L) = T (f)exp[~j28L], (1)




where B is +he propagation constant and T' (f) is the com- .
plex reflection coefficient of the disturbance when L = O.
The greater the distance L between the matching element and
disturbance the more rapid the change in phase with fre-
quency .

As a result of this variation in phase of the com-
plex reflection coefficieint as a function of distance, it
is reasonable to expect a least root mean square mismatch
(LRMS) to occur for matching iris placements at intervals
of Ag/2 distance as shown in Figure 51, where Ag is the
guide wavelength of the center frequency of the matching
bandwidth. However, because the RMS is taken over the en-
tire bandwidth of interest, this distance is not expected
to be exéct. As the magnitude of the distance L increases
so does the phase change with frequency. Thefefore, the
quality of the impedance match is expected to change as the
matching eleﬁent is located at distances that are integral
multiples of Ag/2. It is important to notice the absence
of large secondary minima when initiating calculations
from different relative separation distances L between the
disturbance and the matching element. All five points of
Table 6 that are 1/4 wavelength or less from the electrical
éenter resulted in virtually the same match point. At each
end the two most distant starting points again resulted in
essentially ideﬁtical match points each .located approximate-

ly Ag/2 from the central point.
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Figure 51. Schematic Plot of RMS Mismatch as a Function of
Separation Distance L, Showing the Absence of
Secondary Minima Within )A5/2 Intervals Centered
at Regional Minima, Initial Starting Position of
Table 6 Are Sketched

Better RMS impedance matches are accomplished by plac-
ing the capacitive iris on the load side of the geometrical
center of the slot. In fact, the lowest RMS impedance match
is achieved by placing the capacitive iris approximately
0.03 centimeters on the generator side of the apparent elec-
trical center of the slot.

In all of the broad band impedance matching done in
this research, the best broad band matches were achieved with

the matching element placed in the immediate vicinity of the
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electrical center., This result is to be expected; since a
large separation distance L between disturbance and matching
element results in an interference pattern which is generally
dominated by the exp(-j2BL) phase factor of Egquation (III-
49), and is narrow band in nature.

In Table 6 the starting positions of 0.5566, 0.0000,
and ~0.5566 centimeters results in an impedance match Which
places a capacitive diris of equivalent dimensions at prac-
tically the same location. The slight variation in the fin-
al location is duevto the final increment size of the rela-
tive distance, ALENGH in the impedance matching program de-
scribed in Appendix B. Starting positions‘of 1.6699 and
2.2265 centimeters in Table 6 result in the placing of an
iris at the same location of approximately 2.18 centimeters
resulting in an RMS mismatch of 0.105. This is not physi-:
cally realizable, however, since the iris would be located in
the slot. All other entries in Table 6 are physically real-
izable because they are either located at the apparent elec-
trical location or 2.18 centimeters on the load side of the
apparent electrical location. From Table 6 it is easily
recognized that when impedance matching the slot by a capa-
citive iris, superior results are achieved by impedance
matching in the vicinity of the electrical center. Table
6 agrees with Figure 51 and demonstrates the absence of

large secondary minima within relative distances which are
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multiples of'Ag/z.

Impedance Matching the Slot Radiator

For completeness the characteristics of the shunt
slot radiator were impedance matched by each of the four
matching elements at the apparent electrical location.
Table 7 provides a tabulation of the calculated results of
the slot relative to the apparent electrical location. The
relative quality of the impedance match is indicated by the
RMS mismatch achieved using each matching element. The
physical dimensions of each matching element are given, and
the placements toward the generator are given. The two
best matches occur with the inductive metal post and the
dielectric post with a dielectric constant of 4.07. The
metal post located 1.175 centimeters toward the load matches
the slot to an RMS mismatch of 0.056, Figure 52a. The di-
electric post located 0.012 centimeters toward the load
matches the slot to an RMS mismatch of 0.058, Figure 52b.
From Figure 52a the resultant VSWR at 8.551 GHz is 1.177,
and at the upper limit of the matching band, 10.560 GHz,
it is 1.184. 1In all cases the slot radiator has been im-
pedance matched over 2 GHz bandwidth, 8.551 GHz to 10.560
GHz. From Figure 52b the VSWR at 8.551 GHz is 1.09 and at
the upper limit of the band, 10.560 GHz, it is 1.188. Both
the metal inductive post and the dielectric post provide
good impedance matches, less than 1.2 VSWR over the chosen

2 GHz bandwidth. It is interesting to note that the metal
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inductive post matches the slot radiator to less than 1.23

VSWR over the entire band from 8.551 GHz to 11.934 GHz.

Table 7. Slot Radiator Impedance Matched by a Single
Matching Element Referenced to the Apparent
Electrical Center
Distance
Matching RMS Physical ~Physical Toward ‘
Element Mismatch - Dimension Dimension Qenerator
in
Centimeters
Capacitive 0.063 0.095% 0.160%** 0.025
Iris
Inductive 0.072 0.051% 0.335%* 1.187
Iris
Inductive 0.056 0.010+ 0.315++ -1.175
Post :
Dielectric 0.058 0.297+ 0.477++ -0.025

* Thickness in Centimeters

** Height in Centimeters

+ Diameters in Centimeters

++ Sidewall Distance in Centimeters

The above results can be improved by use of the impe-

dance matching program to successively match the slot with

two elements.

The slot is first matched with a single match-

ing element, and the results of this impedance match are

then recorded on data cards in the form of the complex re-

flection coefficient of the resulting mismatch.

If the

matching element is located on the load side of the distur-
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bance then the reference plane of the reflection coefficient
of the resultant match is that of the original disturbance.
When the matching element is located on the generator side

of the disturbance, the reference plane of the resultant mis-
match is that of the matching element.

The results of the first match are then used as data
cards, i.e., the disturbance to be matched, and an addition-
al matching element is calculated by the impedance matching
program. Following this strategy, the results of the four
impedance matches of Table 7 were matched with an addition-
al element. The results of this impedance match are tabu-
1ated in Table 8 as the RMS mismatch over the 2.GHz band-
width of interest. The element used to match the slot the
first time is listed in the first column. The second ‘match-
ing element used is listed by the first row. For example the
first number in the second column of numbers, 9.063 is the
RMS mismatch resulting from matching the slot with both a
capacitive iris and an inductive iris located in the guide.
The first matching element is the capacitive iris and
the second is the inductive iris. There are four com-
binations which produce good matches as seen in Table 8.
These combinations are the inductive post-capacitive iris
combination with an RMS value of 0.047, inductive post-
inductive iris combination‘with an RMS of 0.056, inductive
post~dielectric post combinaﬁion with an RMS of 0.049 and

dielectric post-capacitive iris combination with an RMS of
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0.056.

Table 8. Slot Radiator Impedance Matched by Two Matching

Elements
Second Capacitive Inductive Inductive Dielectric
Match Iris Iris Post Post

First .
Match
Capacitive XXXXX 0.063 0.093 0.061
Iris
Inductive 0.071 XXXXX 0.078 0.072
Iris
Inductive 0.047 0.056 XXXXX 0.049
Post
Dielectric 0.056 0.058 0.088 XXXXX
Post

The curves of VSWR as a function of frequency are

given for the above combinations in Figures 53, 54, 55 and

56, respectively.

The relative location of the matching

elements with respect to the slot is given by the (a) part

of the respective figures, and the VSWR is given by the (b)

part of the respective figures.

The dielectric post-capacitive iris matching combina-

tion was fabricated to compare the computer predicted result-

ant mismatch with an exverimentally measured resultant mis- .

match.

The boron nitride was machined into a post with a
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diameter of 0.117 & .002 inches and inserted between the
walls of the waveguide to the position given in Figure 56.
While the tolerance on the post location was difficult to
measure, it is estimated to be within 0.002 inches of the
desired location. The symmetrical capacitive iris was ma-
chined to fit two slots sawed through the broad side of the
waveguide. The slots are 0.014 +.002 inches wide and 0.074 +
.0N2 inches deep. The dielectric post was positioned in the
guide, and the capacitive irises were fitted into the respec-
tive slots. A silver based conductive paint was painted on
the outside wall of the waveguide over the ends of the irises
and on the intersection of the iris and the inside waveguide
walls.

The impedance matched shunt slot was then measured
by the slotted line at 100 MHz intervals starting at 8.575
GHz through 10.875 GHz. The results éf these measurements
are tabulated in Table 9. The results are also given in
Figure 57 where the calculéted impedance match is plotted
as a function of frequency and the measured results are
plotted at discrete points. The excellent agreement dis-
played between the computer calculated VSWR and the experi-
mentally measured VSWR, validate the impedance matching com-
puter program and in turn the entire computer aided broad
band impedance matching technique.

The Effect of Fabrication Tolerances

While mechanical tolerance is of little importance in
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Table 9. VSWR Measurements of the Fabricated Impedance
Matched Shunt Slot Radiator

Frequency in GHz Measured VSWR
8.575 1.07
8.675 - 1.08
8.775 1.07
8.875 1.12
8.975 . 1.14
9.075 ‘ 1.155
9.175 l.16
9.275 , 1.14
9.375 1.145
9.475 1.115
9.575 1.07
9.675 1.04
9.775 ' 1.02
9.875 1.015
9.975 _ 1.02

10.075 1.04
10.175 1.07
10.275 1.08
10.375 . 1.12
10.475 1.13
10.575 1.13
10.675 1.15
10.775 1.17

10.875 1.19
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theoretical studies, the allowable tolerance greatly influ-
ences the cost of a practical device. Certainly the spec-
ified tolerances should depend on the effect of the dimen-
sional variations on the resultant mismatch. This is true
because generally cioser tolerances increase the expense of
fabrication.

In Table 10 the RMS mismatch values for the final
nearest neighbor points for the slot impedance matched by a
dielectric post are given. The final increment size for
the sidewall distance of the dielectric post is 0.00125
centimeters, for the pést diameter it is 0.00625 centimeters,
and for the relative separation distance it is 0.0125 centi-
meters. Table 10 shows the variation in the RMS mismatch
as a result of a change in a single dimension holding the
remaining two dimensions equivalent to the LRMS or (1,1,1)
point dimensions. Since the unequal incremen£ sizes were
selected so as to produce equivalent changes in RMS mis-
match, it is difficult to determine the relétive sensitivi-
ty of this mismatch to changes in a single'parameter.
Therefore, it is of further interest to examine the sensi-
tivity of the LRMS mismatch as a function of equal incre-
ment variations of each physical aimension, since this sen-
sitivity determines the importance of machining tolerances.

An examination of the effect of machining tolerances
on the resultant mismatch was conducted in two steps. First

the slot was theoretically impedance matched by a dielectric
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Final RMS Mismatch Values for the Nearest
Neighbor Points of the Dimensional Space

Array for the Case of the Slot Matched by
a Dielectric Post

Coordinates* * Sidewall Diameter Separation RMS

(1,J3,K) Distance Distance Mismatch
(1,1,1) 0.47750 0.29750 -0.0125 0.058713
(1,1,2) 0.47750 0.29750 -0.025 0.058813
(1,1,3) 0.47750 0.29750 +0.000 0.058982
(1,2,1) 0.47750 0.29125 -0.0125 0.058790
(1,3,1) 0.47750 0.30375 -0.0125 0.059385
(2,1,1) 0.47625 0.29750 -0.0125 0.058715
(3,1,1) 0.47875 0.29750 -0.0125 0.058717

* I Corresponds to sidewall distance of the dielectric

post.

J Corresponds to diameter of the dielectric post.:

K Corresponds to relative separation distance.




post with various dimensions. The dimensions consisting of
the optimum dimensions determined by the impedance matching
program and variations of these dimensions by four thou-
sands of an inch. Because the diameter of the post is the
easiest dimension to machine to ¢ 0.001 inches, the diameter
was held constant and the sidewall distance and relative
distance between disturbances was varied. The dieleétric
post material used is boron’nitride'grédé'HD+0092‘hdt
pressed. The average reflection coefficient over the 2.GHz
bandwidth from 8.551 to 10.560 GHz was used to compare the
quality of the resulting matches obtained. Table li gives a
tabulation of the dimensional combinations used and the
average theoretical reflection.coefficient obtained. From
Table 11 the largest average matched reflection coefficient
0.0544 has a corresponding diameter of 0.2975 centimeters,
sidewall distance of 0.4673 centimeters, and a relative
displacement of 0.0023 centimeters. This combination will
be retained and used in the next step of the perturbation
examination, since the strategy is to obtain an indiéation
of the worst effect of tolerances.

The second phase of this examination consists
of using the combination of dimensions which produce the
largest average matched reflection coefficient.and perform-
ing a second match on this result using a capacitive iris as
the matching element. The effect of tolerances is studied

by varying the capacitive iris height and relative distance
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from the first match determined in the first step of this
study. The thickness of the capacitive iris is held con-
stant in this study since this is generally determined by a
commercially available shim stock and the match is relative-
ly insensitive to # 0.002 inch variation. The physical di-
mensions used for the capacitive iris are iris thickness
0.0350 centimeters,'ifis height 0.060 = .01016 centimeteré
and iris distance from electrical location of slot 0.70 z
.01016 centimeters. Table 12 illustrates the average total
matched reflection coefficient and the respective physical

dimensions.

Table 11. Average RMS Mismatch Over the Band of 8.55 GHz
to 10.56 GHz Resulting from the First Phase of
the Machining Tolerance Study, Dielectric Post

Diameter = 0.2975 Centimeters, ' = 4.07
Relative

\)isplacement* -0.0023 -0.0125 ~0.0227
Sidewall
Distance*
0.4673 0.0544 0.0537 0.0533
0.4775 0.0542 0.0536 0.0532
0.4877 0.0542 0.0535 0.0532

*In Centimeters
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Table 12. Average RMS Mismatch Qver the Band of 8.55
GHz to 10.56 GHz Resulting from the Second
Phase of the Machining Tolerance Study,
Capacitive Iris Thickness = 0.0350 Centimeters

Relative
\ Displacement* 0.6898 0.7000 0.7101
Iris .
Height*
0.0498 0.058 0.057 0.054
0.0600 0.055 0.054 0.054
0.0701 0.055 0.055 0.055

*Tn Centimeters

The largest mismatch listed in Table 12 results from
the capacitive ifis dimensions of iris thickness 0.0350
centimeters, iris height 0.0498 centimeters and relative
displacement 0.6898 centimeters. Figure 58 gives curves of
the first impedance match by the dielectric post resulting
in an average mismatch reflection coefficient of 0.054 and
the results of matching the first match by a capacitive iris
giving an average reflection coefficient of 0.058.

It is interesting to note that while the dielectric
post-capacitive iris combination match has a higher aver-
age reflection coefficient than the dielectric post match,
the combination match is a better broad band match over a
larger bandwidth of interest.

From Table 11 the most sensitive dimension to change
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is the relative distance along the waveguide. In the second
row first column of numbers in Table 11 the relative dis-
placement is -0.0023 centimeters, that is, 0.0023 centimeters
toward the load from the electrical location of the slot
radiator. The average reflection coefficient is 0.054.
From Table 12 the most sensitive parameter is the iris
height. 1In the second row of numbers, reducing the iris
height to 0.0498 centimeters increases the average reflec-
tion coefficient to 0.0579. Therefore, close tolerances

are indicated for the relative distance between the dielec-

tric post and the electrical location of the slot radiator.



135

Close tolerances are also indicated for the capaci-
tive iris height. However, the overall results indicéte
that the entire matching process is rélatively insensitive
to machining tolerances of * 4 thousanth of an inch or

+ 0.01016 centimeters.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Introduction

Several important_conclusions can be drawn as a
result of this study. They deal with the experimental
equipment and with the computer aided matching program. The

following paragraphs highlight these conclusions

Conclusions

As a result of this research, an economical, fast,
and reliable impedance matching technique has been estab-
lished which can provide broad band impedance matches.

The measured results of the comparison reflectometer
in resolving waveguide disturbances and in the determination
of their complex reflection coefficients have been excellent.
Reflectometer measurements have been compared with both
theoretical calculations and slotted line measurements.

Measurements of the sample waveguide discontinuities
have pointed out the difference in the apparent electrical
location and the geometrical location. While the two lo-
cations were closely spaced for the inguide disturbances,
measured as described in Chapter V, there was a consider-
able difference in the locations for the shunt slot radiator.

The shunt slot radiator was impedance matched relative to




the apparent electrical location both theoretically and
experimentally over a 2 GHz bandwidth as shown in Figure 56.
The excellent agreement between the theoretical and experi-
mental impedance matches demonstrates the validity of this
research.

The impedance matching computer program demonstrated
an ability to calculate the physical dimensions of a pre-
determined matching element in order to achieve an impedance
match which is best over a specified bandwidth in the RMS "
mismatch sense, Chapter III.

It has been shown that the computer matched solu-
tions are relatively free of secondary RMS minima. Region-
al minima are found at intervals of approximately half
guide wavelength separations between the measured distur-
bahce and the matching element, described in Chapter V,
Table 6.

For the cases investigated the impedance match im-
proved in the vicinity of the apparent electrical center of
the test disturbance. The shunt slot radiator was impe-
dance matched to a VSWR of 1.16 to 1.0 over a 2 GHz band-
width. This match was fabricated to demonstrate the valid-
ity of the impedance matching program. The agreement be-
tween the predicted and measured results for the matched
slot was very good.

It was found that while machining tolerances affect

the calculated impedance match, for a reasonably good
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matching tolerance of * 0.002 of an inch the results are
relatively insensitive. This conclusion increases the
practical significance of this research, by providing a

technique that is practically realizable.

" Recommendations

There are several areas in which this research can be
extended. Extension of the theory of the comparison
reflectometer, to enable it to measure larger disturbances,
both in magnitude of reflection coefficient and in physi-
cal length, can be made. The impedance matching computer
program can be extended by both adding additional matching
elements and enabling the program to calculate the location
and physical parameters of more than one matching element
simultaneously. A modification of the matching criterion
could be implemented. The program could.also be extended

to select the most favorable type of matching element.

The comparison reflectometer fabricated for this re-
search is capable of locating disturbances resulting in re-
flection coefficients less than or equal to 0.2. This limita-
tion is in part due to the approximations made in the develop-
ment of the theory and in part due to the reference step fab-
ricated, since the development assumes that the tested reflec-
tion coefficient does not exceed the reference reflection coef-

ficient. Secondly an equipment limitation is present in the
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ratio meter used. The combined magnitude of the reflection
coefficient of the reference step and the test disturbance
of 0.2 reflection coefficient results in a full scale de-
flection of the ratio meter. Measuring reflection coeffi-
cients greater than 0.2 would result in off scale deflec-
tions. For single frequency measurements the range of

the ratio meter may be adjusted to prevent overdriving the
unit. This is not possible in the comparison reflectom-
eter system, however, since the two sets of measurements
taken are compared to reduce instrumental errors.

The length of line which can be measured is dependent
on the sample intervals. At present the comparison reflec-
tometer is phased locked, and a sample is taken every 50 MHZ.
As such, the approximate limit on the line length measured
is one meter. This can be increased to 5 metérs by phase
locking and taking a reading every 10 MHz. The dloser the
samples are taken in the wavenumber domain the greater the
relative allowable distance between the reference step and
test element.

The Impedance Matching Program

The impedance matching program was developed to match
an arbitrary waveguide element as measured by the comparison
reflectometer. The impedance match is performed by calculat-
ing the physical dimensions of a single preselected matching
element. The criterion used by the matching program is the

LRMS reflection coefficient resulting from the combined



wave reflected by the disturbance and the matching element.

It may be desirable in some applications to use a
maximum point VSWR criterion. That is, the matching pro-
gram determines the maximum VSWR over the matching band-
width for each of the dimensional space nearest neighbor
points. The point selected as the (1,1,1f point would be
that nearest neighbor point which has the smallest maximum
VSWR.

The matching program could also be extended to auto-
matically select an element among the prograﬁmed matching -
elements which would provide the best broad band impedance
match. This could be accomplished by assuming a broad band
match and solving Equation (III-49) for the complex re-
flection coefficient of the required matching element.

The prospective matching element that compares most favora-
bly with the required complex reflection coefficient could
then be selected. This selection could be made by loosely'
comparing the slope and phase of each available matching
element with the necessary characteristics calculated from
Equation (III-49).

The function of the matching program implemented in
this work is to minimize the VSWR resulting from the test
element and a single matching element using the RMS cri-
terion. To this end the program functions properly. In
some cases it is important to achieve a lower VSWR mis-

match than is obtainable with the programmed matching ele-
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ments. For these cases it is desirable to use two or more
matching elements to achieve the desired impedance match.
This, in fact, has been demonstrated in Chapter V when
matching the shunt slot radiator.

| It is important to recognize that the first impedance
match using a dielectric post was calculated as the LRMS
over the selected 2 GHz bandwidth, subject to increment size.
The result of the procedure was then improved upon by the
capacitive iris by again impedance matching this initial
result using the LRMS criterion. The slot and two matching
elements are not a true optimum, however, since the two
matching elements were not determined simultaneously.

To demonstrate that a lower overall reflection co-
efficient is possible, the mismatch resulting from thée di-
mensional combinations of Tabie 11 were used as the input
data to the impedance matching program. A capacitive iris
was sized for each case providing an LRMS mismatch. The
reéults of this study are given in Table 13. The first
row listed in Table 13 corresponds to the original com=
bination of Figure 55a. This is also the combination of
elements which has been fabricated, and a comparison of
theoretical and experimental results are shown in Figure 56.
There are six combinations in Table 13, resulting froﬁ per-
turbations of the dielectric post, which provide a lower RMS
mismatch than 'that originally obtained. A comparison of

the response of the initial combination and the combina-
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tion of matching elements resulting in an RMS mismatch of

0.054 is given in Figure 59.

While the improvement observed is small it must be

remembered the dimensional changes were constrained to be

small.

The results do indicate clearly that if more than

one element is needed to provide a desired broad band imped-

ance match an extension of the program to simultaneously

adjust more than one element would be desirable.

Table 13. RMS Mismatch Using a Capacitive Iris
as the Second Matching Element
Relative Distance
RMS Iris Iris from Electrical
Mismatch Thickness Height Center
0.056 0.0350 0.0600 0.7000 |
0.055 0.0575 0.0600 0.6875
0.056 0.0300 0.0600 -0.6275
0.055 0.0512 0.0600 0.7625
0.057 0.0412 0.0538 0.6375
0.054 0.0737 - 0.0600 0.7375
0.056 0.0400 0.0600 -0.6875
0.056 0.0450 0.0600 0.6125
0.057 0.0300 0.0600 -0.5625
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APPENDIX A
LIBRARY OF THE CHARACTERISTICS OF SELECTED MATCHING ELEMENTS

The. following families of turves are included to
provide engineering insight into the type of response
associated with each element. Curves also indicate the
dependence on parameters of the discontinuity.

"The families of curves proviée the current reflection
coefficient and the normalizeé shunt admittance as a func-
tion of physical dimensions and frequency, for the capaci=
tive iris, the inductive iris, the so0lid metal inductive
post and the dielectric post located in an otherwise
matched waveguide. A aneguide description and an equiva-
lent circuit are given for each type of discontinuity.

The following results are based on an evaluation of
13

the respective equations given by N. Marcuvitz, and
reproduced in Chapter III,lEquations (34) to (48). The
following curves were calculated for propagation in rec-
tangular waveguide with a width a = .9 inches and height
b= .4 inches.
A typical discontinuity of each type was fabricated

and its characteristics measured. A comparison of the
evaluation of Equations (III-34) to (III-48) for the re-

spective physical parameters, Chapter V, Table 2, shows

good agreement with the results measured by the compari-
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son reflectometer, as described in Chapter V. All curves

given apply to the admittance Smith chart plot.
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APPENDIX B
COMPUTER PROGRAM LISTING

Three computer programs are described on the follow-
ing pages. The programs are written in Fortran V computer
language for the Univac 1108 compiler. The first program
described is referred to as Test 1. This prbgram calculates
the mean reflection coefficient generated as a function of

distance.12

That is, it determines the electrical location
of discontinuities in a waveguide. A functional block
diagram of Test 1 and Test 2 are shown in Figures 89 and

90 respectively. The second program, Test 2 calculates the
complex reflection coefficient as a function of frequency at.

a predetermined position in the waveguide.12

The above two
programs utilize voltage measurements taken by the compari-
son reflectometer. |

The third program listed is the impedance matching
program. This program uses data generated by Test 2, as the
disturbance to be impedance matched, Chapter III. The match-
ing program then calculates the physical dimepsions and lo-
cation of a predetermined matching element. The location is
relative to the original disturbance. . Generally, this pro-
gram requires five seconds run time on the Univac 1108 to
realize an impedance match.

Comment statements have been provided throughout the

program listing to partially explain the meaning of para-
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meters used.

Test 1 begins with a listing of constants to be used.
Statement (9) and (10) give values to XMAX and XMIN, the
range in distance along the waveguide relative to the ref-
erence step. A table of sines and cosines are generated by
statements (27) to (33). The use of this table reduces com-
puter run time, since it requires less time to obtain this
information from memory than to calculate the sine and co-

sine when needed. An envelope shaping function,1

when used,
reduces side lobe levels at the expense of broadening the
main peak of the locating curve. This part of the program
has no direct application to this research, therefore, state-
ment (38) prevents it from entering the following calcula-
tions. The constant NO read in at statement (43) is the
number of sets of data to be read by the computer.  The con-
stant NF is the number of data points measured. REFPT

the magnitude of the reflection coefficient of the ref-
erence step°u;ed.

Data is read in without a decimal point present.
Therefore, statements (57) through (60) place the decimal
point in the proper location. Statements (69) through (72)
calculate Equation (III-31). Statements (72) and (78)
determine the wavenumber and the wavelength for each fre-
quency correspbnding to a voltage measurement by the compar-

ison reflectometer. Equation (III-31) is normalized to the

average value of |I‘|2 (YRS (N)), for purposes of the computer
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calculation, by statements (80) to (90). The total mag-
nitude of the reflection coefficient measured is plotted
out by statements (91) and (120) using a plot subroutine
not given here. The wavenumber range is adjusted by state-
ments (121) to (159) in order to satisfy Equation (III-29).

A single distance integration is performed by state-
ments (162) to (178). It has been found by D.L. Hollway12
that linear interpolation between values of YRS (N) cannot
be used without loss of accuracy, theréfore, integration is
performed by consideringAeach value of YRS (N) to apply over
the internal from (WN(NN;l) + (WN(NN))/2 to (WN(NN) +
(WN (NN+1))/2. The range of integration WNRR extends from
WNT (top) to WNB (bottom).

The discrete Fourier transform, or the fast Fourier
transform, was not used in this program because the discrete
Fourier transform requires that data samples be taken at
equal increments of the argument. While samples are taken
at equal intervals of frequency (50 MHz), the transformation
is from wavenumber to distance. The wavelength of the
energy in the waveguide deviates from the free space wave-
length due to the dispersion of energy within the wave-
guide, therefore, the wavenumber intervals are not equal in
increments. The wavenumber intervals corresponding to
equal frequency intervals, increases as the frequency is

increased.

H(L,1) and H(L,2) are the real and imaginary parts
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of the reflection coefficient generated at the distance
Y(L), statements (185) and (186). Depending on the slope
of the magnitude of this reflection coefficient the dis-
tance Y(L) is increased by .5 or .25 by statements (197)
to (202). If Y(L) is equal to or greater than XMAX in
statement (204) the calculations are completed and the re-
maining plots and printout are executed.

Test 2 is very similar to Test 1, the difference
being in the size in the internal WNRR. In Test 1 the en-
tire spectrum measured was used for each'distance calcula-
tion. The result is a magnitude and phase of an average
reflection coefficient generated at the distance of interest.
In Test 2, however, a single distance or location is of
interest and this is read into the program by XSET. For
this particular distance XSET, the reflection coefficient
is calculated over overlapping subintervals of 500 MHz.
Each subinterval overlapping by 100 MHz, Figure 13. The
Valqe of the reflection coefficient calculated over any par-
ticular subinterval is assigned to the center frequency of
that subinterval. The result is that at approximately 100
MHz intervals the reflection coefficient is known. Since
each adjusted subinterval WNRR must satisfy Equation (III-
29), where the distance L, is the predetermined location.of
the discontinuity, the resulting reflection coefficient is
known at unequal subintervals of frequency.

Calculations are actually made at ten locations along
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the waveguide at intervals XINCR centered around the loca-
tion, of the discontinuity, XSET. This is done to provide
insight as to the effects of dispersion, on the reflection
coefficient of the disturbance measured, as the energy tra-
vels through the waveguide.

In order to provide a smoother, more accurate curve,
a linear interpolation is made between the 50 MHz points,
resulting in data at 10 MHz intervals. This does not add
any information about the total reflection coefficiemnt, but
it reduces the ripple in the resulting waveform, inherent
in the algorithm used to perform the integration.

The upper bound of the first subinterval is the upper
.bound of the measured spectrum, point NF. The lower bound
of this subinterval is given by the statement (109) and is
referred to as the NS point. The remaining calculations
through statement (184) are duplicated from Test 1. The
subinterval is shifted down the spectrum 100 MHz by the
statement (216), and the program returns to statement
Table (302) to determine the reflection coefficient from
this new subinterval. When subscript NS is less than or
equal to NSS, the subscript corresponding to the lowest data
point taken, the program then exists from statement (110) to
statement (220). The program prints and plots results and
ends.

The impedance matching prograﬁ calculates the phy-

sical dimensions of a predetermined matching element and the
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location of the element in the waveguide relative to the
location of the disturbance as calculated by Test 1. The
results of Test 2 on punched data cards are the input data
for this matching program.

The program begins with a list of constants. Comment
statements have been provided in the program listing to iden-
tify selected parameters. The matching element to be used is
identified by the constant MACHEL, the number of data points
by LE. Since the data points are not known at equal fre-
guency increments, the frequency points are read in at state-
ment number (60). The real and imaginary part of the reflec-
tion coefficient is read in corresponding to the highest
frequency point first, by statements (62) and (63). The
complex reflection coefficient of the test element is
referred to as GAM(WN), where N varies from 1 to LE.

This program is equipped to begin calculations from
any position along the waveguide, the starting position
being denoted by ALENGH(l). The constant NOO read in at
statement (108) denotes the number of times the results will
be recalculated at corresponding starting points
read in by statement (111). This is a particularly interest-
ing feature, since the set of physical parameters and the
qguality of the impedance match is a function of xg/z changes
in the ALENGH(l) starting point, Chapter V. Generally, the
best impedance match will be achieved by setting the starting

ALENGH to zero, i.e. the electrical location of the test ele-
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ment,

Depending on the matching element selected, various
appropriate starting points are programmed in statements
(116) to (119) and described in Table 2. The three dimen-
sional array is generated by statements (128) to (139). A
description of this dimensional space array is given in
Chapter III. There are two cases possible, the matching ele-
ment may be located on the generator side of the measured
mismatch or the matching element may be located on the load
side of the measured mismatch. The results of Appendix C
are used accordingly.

Statement (149) branches the program to the appro-
priate section of the program pertaining to the matching ele-
ment designated by the value of MACHEL. The reflection co-
efficient for this chosen matching element is then cal-
culated for the seven points of interest in dimension space,
see Figure 19. The value of the complex reflection co-
efficient is carried by the variable four dimensional array
GGAN (I, J, KK, N), where the first, second and fourth index
correspond to £he axis of the dimensional space array of
Figure 19. The third index corresponding to frequency.

When the array GGAM is completed, control is transferred to
statement (375). Statement (378) to (400) calculate the
RMS of the mismatch, resulting from the measured discontin-
uity and the matching element, for each point in dimension

space. Statements (405) to (418) determine the smallest
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RMS value, while statements (419) to (432) determine the
value of the I, J, K indices that correspond to this small-
est value. Statement (436) tests for termination. If the
indices corresponding to the least RMS are the I=1l, J=1,
K=1, then a minimum value has been determined, if not, con-
trol is shifted to statement (439). If a minimum value has
been determined, a check is made to determine whether the
increment size has been reduced to 1/8 of the original size,
if not, control is shifted to label 350 where the_present'
increment size is divided by two. If on the other hand the
increment size is 1/8 of the original Qalue, control is
shiftéd to statement (447) or label 200, and the program be-
gins to write output. If a minimum was not determined at
statement (436) control if shifted to statement (439). or
label 108 and the physical parameters of the dimension space
(1, 1, 1) point are set equal to the physical dimensions of
the point corresponding to the LRMS mismatch. Control is
then shifted to lable 250 and calculations are again per-
formed for the seven points in dimension space centered
around the new (1, 1, 1) point.

Calculations to determine the physical parameters of
the matching element are performed over the bandwidth of in-
terest having the index points JBEG and JEND. When the match-
ing element size has been determined the results of the mis-
match are calculated over the entire known spectrum origin-

ally read in. Therefore, the characteristics of the chosen
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matching element must again be calculated as determined by
statement (468), and the resulting mismatch again calculated.
The output consists of printout of RMS mismatch over
the band of interest, size and location of the matching ele-
ment, and a listing of the reflection coefficient and the
VSWR of the mismatch over the full band. A plot is made of
the VSWR of the original disturbance and the matched dis-
turbance over the full band. Also, data cards‘are punched,
recording the real and imaginary parts of the resultant mis-
match. Some typical results of this ptogram are given in

Chapter III.
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Test 1

Statement Label

Number Number . Statement
e . ___UIMENSION 18UF(20000) — e -
2% DIMENSION PTITLE(12) »RTITLE(12) +MTITLE(12)
- 1 S, UIMENSION X(400) o VTITLEL12) o HTITLE(L2) JE
Y4 JIVMENSION P(200)'>(1260)o.KS(100)oYREF(90).YU(90)
.__5{____________JIW NEION_YR{100J 4 WN(1002 eyl (21002 H{400,4)  Y(400)FR(100),YRS(100)
b* DIMENSION NREF(100J)/NYU(L00)
. Tx L _PRESET CONSTANTS_AND.TABLES OF FUNCTIONS e . o
8% C  XMAX IS THZ MAXIMUM DISTANCE IN CMS FRCM THE REF., REFLECTION
9 XMAXZ100._.._. — S,
10% XMIN=5.
_11= o Wad_1S:THE WIDTH OF TIHE WAVEGUIODE IN INCHES,
12+ wGd=049
LAdx .. PLRF e E— - U,
lux PLRF=1.0
L5 C_. PLPX PHASE ANGLE.OF.THE .REFLECTION..COEFFICIENT AGAINST DISTANCE ...
16% PLPXZ1.
_17«¢ PLPXZ=1.
18% N3=L ’
19« _ . PI=3.1415926536 . . SR . e e e e e
20% Cc RPVvRADIA!> PER VOLT.IS A COVSTAVT OF THE RATIOM:TER. IT IS THE
L2lx ___ _C_CONDUCTION ANGLE AT FULL.SCALE DIVIDED-BY.-THE. CORRESPONDING -oomoe
22+ C VOLTAGE QUTPUT.
23« _RPVSH56.6*%P1/(5.528%180.)
24 % C ATTZIN CORRECTS FQR A WAVEGUIDE ATTENUATION OF 0.036 DB/FOOT.
29¢ e ATTENS0.036%2430267(10.%12.%2454) RS
26¢ C TABLES OF SINZIS AND COSINES .
2T% ... DO06NZ1+500 B VU
2B« 5(N)= 51V(N*PI/500 )y
29 _S(N+50u)==5(N)
30+ 6 CONTINUE
S s 0OBNRY260 —_
32s 5(N+1000)=5(N)
33% .. ...8 CONTINUE e e v et
4% c ENVELOPE SHAPING FUMCTION
30 DO3SNTls200
36% PANGLEZ2,*PI*N/200.
37 i PAN)Z14=0+48B9%COS(PANGLE) #0+0112%COS(2,#PANGLE) ____ R
38« PINIZ1,
39« 35.CONTINUE .. .. ..
40« C 2
“4le C NO IS THE NUM3ER _QF UNKNOWN COMPONENTS TO BE MEASURED.
L2 C NO IS THE FIRST DATA CARD.
S43e ___ _ READ(SeB01INO ...
Gy 601 FORMAT(I3)
45« . READ(S+4O00INF ... —
(Y2 4 400 FORMATIIZ)
47« RIAD(Sel2)REFPI
$8* 12 FORVAT(F10.5)
L 49« . REFPTSIRIFPT*RIFPT... . .
50% LDOBOOGK=L1NO
Ole READ(S»200) (INREFIN)#NS1PNF) . ... I =
S52=* READ(S,201) (NYU(N) P N=L/NF)
_55!_______2BD*FQRWAT(QX'IqlleIBLlXJLQLlXI14llXLL&leLI&‘lxLIQLlXLl“LlXLIKLlXle——_~_
Sux LelXeIBodXeIUslXeIGelXoIUriXrIUr2X)
_50%__ 201 FORMAT(UXeI4vdXrIGriXeltodiXrI4elXo T4 elXrIWoiXolbheiXe el XeltrtXeIn

56 LelXoTGolXoIWeiXe TG AXo IR LXr IGe2X)




CYREFIN)SNREF(NI /3000 _ .. i

~.b2x 502 FORMAT{1H1,30X+*REFERENCE VOLTAGE . DATAts//)

CASINYZ(REFPT*#2%COSCYREF{N) *RPV)II/SINLYREF(N) *RPV)Y._ .

503 FORMAT(/7/7130Xs *VOLTAGE DATA WITH UNKNOWN IN LINE'+//)

Y?S(V)-(CKS(V)'SIM(YU(N)*RPV))/COS(YU(N)*RPV)

wNINISSIRTULFRIND) 729, 9695)‘*2'(1 /7(2.%2. sutwsw))*'e)

YRSWHIYRSH+YRSIN) # (WNIN+LI=WNIN)) .

.2 -
DATA VTITLL/'WAGNITUDE OF TOTAL R’FLE~TXON COEFFICIENT
'/

57= 00500N=1 s NF
S3% S
59 YUCNIENYU(N) /1000,
60% .. 500 CONTINUE . ____ . ____
61% wWRITE(6+502)
[SREJ wRITE(6¢501) (YREF (N} o NZ1 ¢ NF)
bas - WRITE(6¢503) .
65¢
b6* wRITE(0e501) {YU(N) o NSLeNF)
b7+ 501 FORMAT(L5(3XsF5.3))
bge . FR(1}27.975.
HIe V0202NZ1 s NF
70+
71%
2% YRINIZSQRT(YRS(N))
73% FRNH+1IZFRINI+,050
T4k 202 CONMTINUE
75% NFOINF+1
756« DOS6NZ1 P NFP
77
T8 s ol G T Z7aN(N)
79¢ 56 CONTINUE
_..80x e YRANZ0 6o
a1= YRSAZ0.
B2 - . UDLINZLINF
83* YRWS YRn+YR(N)t(wV(N¢x)-wv(N))
By .
85« 49 CONTINUEL
_-Box — YRSMZYASW/(WNINF21) =WNINSL)
87s YVIYRY/ (AN(NF+1) =WN(NS))
88 _ L. LOSONS1eNF .
89+ YRS(J)—YRS(N)-YRSW
YU* . ... 50 CONTINUE .
91* 1F(PLRF) 169 16-51
.92 S1_CONTINUE . . .
Y3s REAL LTRSZ.LENGTH
94e ... LOGICAL BO0XrFIXLIMIUSELIM
95 DATA HTITLE/'FREQUENCY IN GH2
96
97+
98
99 CALL PLOTS(IBUF(1)+20000r2)
100* ___ DOYOINSLeNF _ . __._
101« XANYZYRIN)
lo2» 401 CONTINUE . I
103« CALL PLOT(10.s=34.r=3)
BYILS o08=1__
lu5* LTR:Z-.X
106« _ . uUP=2,5. -
107« OVER=0.
108+ HZIGHT=5, .
109« LENGTH=S,
410 —PERCNT=,9
1ile NUMINT=Z6
112¢ HL3ND=FR(1)
113e TIIBNO =ZF RLB9)

188
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114 ICOUNTZ8Y

115+« 30X=, TRUE, O R s e

116% FIXLIMZ.FALSE,

117% . USELIMESJFALSE. . .. P _ R
118+% 403 CALL PLOTX(WODE:X-ICOUVT  UP OVER HLIGHT LENGTH.BOX:FIXLIM USELIM'

_119% L NUMINT e VTITLE P HTITLE»LTRSZ» VLBND» VUBND e HLBND HUBND 2 PERCNT

120% 16 CONTINJUE

121+% L . FUNCTION OF DISTANCEe .. _ e e . [ —
122% #NRSWNINF) =WNINS)

123« ELDASH=0,5/WNR_

124+ IST=ELDASH+1,.

-125% L=l

126#* YRS (NF+1)ZYRSINF)

127+ v IFUAMIN=IST)B6086084 . .. . - . S ,
1245+ 84 Y{L)=XMIN

le9+ o0 TO wvd - . e

130+% 8b Y(L)ZIST

L1331k CDISTANCE.LOOR.BEZGINS .

132x* 88 CONTINUE

133« . NNINS e S e e et e i e e e e e
154 RM= (Y (L) =0, Ou)/:LDASH

135# MZRM - — e e e e _
135 XA=0.,

137+ I— &1 ]

138« N\JT-(NM\JFH)*WN(\JF))/Z.

139+« WNRRIWNREM/RM — -

140+ € WNRSTOTAL WAVE NUMBER RANGE.

141+ . C WHRR=A FUNCTION OF DISTANCE,IS THE RANGE REDUCED TO MAKE .THE ANGLE AN.INTESER . .
142# C #2»pP|

143« o uNB=NT=WNRR

144 ATTER=L +ATTEN*Y (L)

1455* . B5 IF(ANINN$L) +WNINN) =2, *WNBYBLe9L 995 e N
l4o* B1 NNINN+1

147% 60 TO &5 e — . [

lup* 95 IF{NN=- 1)301v301-89

JA49x 301 NINN*LL

150+# 60 70 91

151+ 89 IF C(ANONN) +WN(NN=1)=2¢%WN3). 92291493 . ... . . .. ._ e

152+ 93 WNINN=1

153# . 60 'TO 95 e - - _
154+ 91 CONTINUC

JA55«  ANATIWNINN) #WNSAANSL)) /2. =uWNB

156¢ WNSO=WN(NN=-1)

157% e ANSTZANCNN) e e S

158 WNINN)SWNB+HWNAZ2,.

159% nN(VV 1) zWNB- WVA/Z.VA; [ R e

160#%

_1l61+ c SINGLE DISTAvc_,lNT.ﬁRATION

162 DOGUNIHNNINF

163« | ALPZ2e% (Y (L) ~0+04)*aAN(N). _ e I I
164% C ALPHAZ4 . #PI#Y(L)*WN(N) + NALP IS THE WULTIPLE oF z.tPI REMOVED.

165% NALPZALP - e o - - i

166* AAZ1000 % (ALP=NALP)
Ae?s  If (AA) .90,90:92

l68% 90 AAZAA+1000,

169 | .92 NA=AA et e e e e I R

170% AANAZ(AA=NAT



171= SALPSS(NA) +(SINA+1)=S(NA) I «AANA

172+ . . _ . NAINA+250 . e e
173+ CALP= S(VA)O(S(NA*l)-S(NA))nAAMA

174 L IPTL HOENIN) ~WNINND 2 %199,/ (WNINF)=WN{NN)) . e e e e e e
175+ YRSPIZYRSINI#PUIP) *« (WNIN+1) =wN(N=1))

176« XASXA+YRSPIXCALP

177# X3=XB+YRSPI*SALP

178« .. _ 94 CONTINUE e e e e
179+ WNINN)ZWNST

L80% L WNINN= LY TWNSO e e e e e e e
181+« HL1=XA/ (REFPT&WNRR#24)

182%  __ _ HL2=XA/L(REFPTI*WNRR*2.)

183« HLSOZHLL#HL1+HL2*HL2

184+ - . . .. CORRNZATTER/(1+=HLSO=REFPTStHLSO*REFPTS). _.

185% AlLr1)=HLL*CORRN

186 . . nlLr2)ZHL2*CORRN . e s e e
187+« HILr3)ZSORT(H(L 1) %420 +H(Lo2)-t2 )

PYTLS —_ANG=57.29578*%ATAN(H (L2 21 /H{L 1))

189=* IF (H(Ls1)) 96+102+102

190« . ... 95 IF (H{L»2)) 100,98¢98 . _ .. ... e e
191= 98 HIL»4)ZANG+180.

192« _ . L 60.TO 1us . e e — e - [
193% 100 H(L,4)=ANG=180.

194 63.TO 104....__

195% 102 HIL»8)ZANG

190% . 104 CONTINUZ e e e e e e e e

197+ NXLZY (L)

198 . _ I (Y(L)=NXL=0.01) 132¢2820006 s e o
199% 112 17 (HIL»3)-0.005) 114r11l4+116

2004 11y Y(L+1)=Y(L)+0.5

201¢ 60 TO 118

202+ 116 Y{(L+31)=Y(L)+0.25. . R
2u3* 118 L3L+1

204> CAF UXMAX=Y (L)) 1220122088 o o e e

205% c 7

200% £ JISTANCEZLOOR_ENDS

207« 122 CONTINUE

208+ . LE=L~-1 e e e

209« SRITE(50109)

210+ .. 109 FORMAT(IHLI"YI(L)}'r6Xe A(N)Lr6Xr'BIN)*»3Xr*"MAGe. REFPTW. COEFF«"93Xs.
211 1'PHASE ANG.'e///)

212*% 106 WRITE(A 10G8LIY (L) e (HAL» ) e =1 U) sl S1,LF)

213* 108 FORMATI(F10.2,3F10.,5¢F10,1)

S2l4%. 110 CONTINUE __ . e
215+ IF (PLRF) G11rG411s412

216% 412 CONTINUE e e s e e
217+ OATA RTITLE/'DISTANCE IN CENTIMETERS

218% v/

—— 2
219+ UATA PTITLE/'WAGNITUDE OF AVERAGE REFLECTION COEFFICIENT
220«

221* UOQOQN 1 L‘

222* .. O XONYEHING DY L e e e e e o L.
223+ 404 CONTINUE
L224x . AR=X(1)

225* U01000N=1LE

220% . CIFOX(N) o BTLARYARSX(N) .. _ .

227+ 1000 CONTINUE
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228+ VLHNDZG.0
229¢ VU3NDIAR+ . 1#AR e - -
230% CALL P..or(xo.v-s.'-:s)
231% N MODE=Y . e e et e e e e e
232» LTRSZ=.1

235 UP=3.
234%% OVIR=0.
235+ . ... LENGTH=S, . _ . e
236+* HEIGHT=5,0
237% __HLBND=Y (1) S e
233%* HJ3ND=Y (LE)

—239% NUMINTZ12
_240# ICOUNT=LE .
2ule ... B0X= 4 TRUE . e .
242+ FIXLIM=.FALSE,
43¢ WSILIMZ FALSE. e
244 % FIXLIMZ.TRUE.

—-24be___ USELIMEZWTRUE....
246 PERCNT=.99
247+ CALL PLOTY(MODE+XrYsICOUNT»UP+OVERIHEIGHT r LENGTH BOX s FIXLIMsUSELIY......
2448 1 .MUMNT,PTITLE;RTITL;:LTRSZ'VLBNWvuaNDoHLBNDoHUBNDoPERCNT)
2u9* 811 CONTINUE . - RSN
2hU* 1F (PLPX) 408»“08.410

—_251¢ R0 CONTINUE
_2bHee uhiTA MATITLE/'PHASE ANGLE
2hie 2 . v/ -
254+ wO4OHENZLWLE
255+ AN SHONO W) e e e _ e e o
256 406 CONTINUE
2hTés o MODE=L
258+« CALL PLOT(10se=3,¢~3)
259¢ e e . HEIGHT=H, —— e e et e
200+ LINGTH=S,
2ble £ TRSZ=.1 e e e et i = e -
2b2* UP=3.

13 L. LUVER=O0. . _.
264 x* AL3NDZXMIN
265* HJ3ND=Y(LE) . e e e e e I [
260 # 1CoUNT=L
ep7x BOXZeTRUE, e e e e e e e
265 ¢ FIXLIMZ.TRUE.

—2u9x LSILIM=TRUEL.
270+ VJU3NDZ180. /
271% VL3ND==180% o o il
272+ PZRCNTZ.99

_ 273+ R CALL PLOTY(MODE XrYrICOUNT»UPIOVER HEIGHT ¢t LENGTH,30X+FIXLIM/USELIM .
274+ 1 ANUMINT MTITLERTITLESLTYRSZVLBND» VUBND»HLBND » HUBND ¢ PERCNT)
275¢_______..408 CONTINUE . - ———— ——
276+ 600 CONTINUE
277+ CCALL PLOT(0.0¢0e0r999) o oot e e _ e e —
278% £ND

END OF COMPILATION:

NO DIAGNOSTICS.




- 192

Test 2

Statement Label

Number Number Statement
A= DIMENSION PTITLE(12)
2+ DIMENSION YL(20)¢eB(109¢5004)¢rP(200) 1ENN(E)
3% DIMENSION FN(100)
4 DIVMENSION Y(100)
o5« . __DIMENSION IBUF(20000)¢NREF(100)¢NYU(C100) YREF(100) YU(100),S(31260)__
6% 1+CKS(100) s FR(500) »YRS(S00) »YR(100) rWN(500) »WL(S00) +H(100s4) ¢X (100)
14 2rHTITLE(12) o VTITLE(12) »RTITLECL2) e e, —_
8% DIMENSION ARYR(500)
_9» CALL PLOTS(IBUE(1),2000042)
10% WGW=0.9
11« . NS=) . P
12+ PIS3.1415926536
13¢_ . RPV=56.,6¢P1/(6,928%180,)
14% ATTENS0+036%2¢3026/(10,%12.%2.54)
A%x _  DOGN=1:500__
16% SIN)=SIN(N*PI/500,)
17« . .. S(N#500)==SUN) .- __
18% 6 CONTINUE
19= . DOBN=1,260
20%* S(N+1000)=5(N)
2l* 8 CONTINUE
22 READ(5,2000)NO
23s 2000 FORMAT(I2)
24 % READ(5+12)REFPT
5% ____ 12 FORMAT(F10.5) ... -
26» C XINCR IS THZ INCREMENT IN CM. FROM THE LOCATION OF THE MISMATCH.
R2Ts ____ ____READ(5,501)XINCR
284 601 FORMAT(F10.5)
29¢ . . _ REFPTS=REFPT*REFPT
30 D020011J=1/NO
Sls _____C NF_1S THE UPPER .FREQUENCY. LIMIT.
324 READ(5+9)NF
3¢ 9 FDRMATI(I3) __ _
4% C XSET IS THE LOCATION IN CM, OF THE MISMATCH FROM THE REFERENCE.
3%% . __READ(S5+602)XSET
36 602 FORMAT{(F10.5)
37« ____ . READ(5:200) {NREF(N)sN=1sNF)
38% READ(5,201) (NYU(N) #NZ1oNF)
39 200 FORMATI4XrI9elXrluelXelUelXslhodXellelXo o) Xe e dXe lholXelliodXallh .
k0s LolXellolXeIGolXeIUolXeIholXeIWo2X)
JHle 201 FORMAT(HUX»I4elXrl&elXeTthodXeXhriXrI%e XeXoiXoTho X o Qe XeltiadXele
42 L1olXeIWrdXoI%edXeIlhedXeIledXellhoe2X)
W3 DOSOON=L1eNF . _ ___ -
tye YREF (N)=NREF (N}/1000,
85 YULNIENYWIN)Z1000.
46 500 CONTINUE
J47s_ . FR(L)Z7,975 .
48« DO55N=1+200




u9s PANGLE=2,%PI*N/200
.50 _ _P{N)=1¢=0+889*COS(PANGLE)+0.0112%COS{R2.,*PANGLE)
Sis P(N)=1,
. 52% ___ 55 CONTINUVE _
53* DO202N=1/NF
__Sus __ _CKS(N)={REFPT#®%2% L
55% YRSINIZ(CKS(N) $SIN(YUIN) «RPV) ) /COS (YU (N) sRPV)
S6% ___  _ _YRIN)IZSQRT(YRS{N))
57+ 202 CONTINUE
.58« ___ NFPENF+1 .
59% D01002NZ1r461
_60* FRIN*1)SFR(N)+,010
61x WNIN)=Z SGRT((FR(N)/29.9695)t*Z'(l./(Z.‘ZoSH‘HGH))tta)
62% __ WLONYSLG/ZWNCNDY —
63% 1002 CONTINUE
_e4s J=1 I
65+ DO1000N=1s88
_6b* __ DELYSYRS(N+1)=YRS(N)
67+ D010011I=1s5"
68 ARYR(JIZSYRS(N) +DELY*.2%(1=1)
69* NENISY
_70% 1001 CONTINUE
71% 1000 CONTINUE
T2+ __ARYR(J)ZYRS(89)
73% NFFzJ
74s . NF=NFF _.. __.
75% NFP=NFF+1 °
T6% ___ DOL100UNSLsNFP ___ __ I
77+ YRS (N)ZARYRI(N)
_78% 1004 CONTINUE
79+« YRSW=0,
80% _ _ _ DOYINZNS/INF.
81¢ YRSWSYRSW+YRS(N) * (WL (N+1) =wL (N))
82« __ 49 CONTINUE P
B3¢ YRSMZYRSW/ (WL (NF+1) =WL (NS})
_8usx __DODSON=NSNE.
85+ YRS (N)SYRS(N)=YRSM
.86% __ 50 CONTINUE _
87* YRS (NF+1)=YRS (NF)
88« _ YL(1)=XSET=-4.%XINCR_
89+ NFF=NF
_90s NSS=NS
91 CALL PLOT(0s0¢3400=3)
.92« . DOS000LL=1.10
93« C  PLOT AXIS,
. s _ _ CALL PLOT(10+0,040e=3)
95% CALL PLOT(0.002.203+3)
_95¢ __CALL_PLOT(4:406r2.20322)
97+« CALL PLOT(2.203¢0.0,3)
98% . CALL PLOT(2,203:4.40622)
99 CALL PLOT(0.0+0.03)
100 . YLOLL+1)=YL{LL)#XINCR_. .
101 WRITE(6eB4)YLILL)
02« 84 FORMAT(1HO+10Xe*DISTANCE®IFh.2e* CM,*)
103 ATTFRIL14ATTEN®YL(LL)
10u* XINT=100. . e e e
105 IF(Y(LL) 46T+214) XINTZH0.

. 193
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106% NFENFF
107+ L=1 }
108 "C BEGINNING OF NEW WAVENUMBER RANGE IDENTIFIED BY (L)
109 . 302 NSENF=XINT
110+ IF(NSS+1=NS) 303,301,301
Jl1x 303 _CONTINUE
112+ NN=NS
113« oo .. WNRZ{WNINF+1) +WN(NF ) =WNINS)L=WN(NS=1))/2, _
114 ELDASH=0,5/WNR
115« RM=(YL(LL)=0,04)/ELDASH
116+ MZRM
117 . IF(M)301,301,86
118% 86 XA=0.
119+ X3=0. -
120« WNRRZWNR&M/RY
121s WNT=(WNINF+1) +WN(NF)) /2.
122+ "C WNRZTOTAL WAVE NUMBER RANGE.
123« C WNRR=A_FUNCTION.OF_DISTANCE.IS THE RANGE REDUCED TO MAKE THE ANGLE AN INTEGER
le4x C #2%P]
125« . WNB=WNT~WNRR
126+ 85 IF(wN(NN01)0NN(NN)-2.'NNB)81o91v95
127« __ . 81 NNSNN+1 e —
128+ GO0 TO 8%
_ 129« ___ 95 IF(NN-11301:301+89
130+ 89 1F (WN(NN)+WN(NN=1)=2.*WNB) 91¢91,93
131+ _ . 93 NNINN=1 . _ -
132+ G0 TOo 95
133« _ 91 CONTINUE —
134s WNAZ (WNINN) +WNINN+1)) /2, =WNB
135« HNSOSWN(NN=11
136% WNSTZWNINN?
137« wN(NN) ZWNB+WNA/2.
138« WANINN=1)=WNB~=WNA/2.
139« . ENN(1)=wNT
140+ ENN(2)=wNB
__1411__~_____~__£Nv(3) SWNA
142 [+
L lu3s DO9~N°NN NF N
144« ALP=Z 2'#(YL(LL)-0.0H)‘WN(N)
luSe —. NALP=ALP —
146 AAZ1000.*(ALP=NALP)
_1u7s AFLAR) 22202220223
148% 222 AASAA+1000,
149e 223 NAZAA
150+ AANA=(AA=NA)
1518 SALPSS(NA)+(S(NA+1)=S{NA))*AANA
152+ NASNA+250
153 CALPIS(NA) +(S{NA+1)~S(NA)}#AANA
154 IP=1o+ (WNINI=WN(NN) ) %199,/ (WNINF) =WNINN)})
165« YRSPIZYRS(N)#P(IP)*(WN(N+1)=wWN(N=1))
156# ENN(G)=XA
157« . ENN(5)=xB
158+ XAZXA+YRSPI*CALP
—159= XBEXB+YRSPI*SALP
160% 94 CONTINUE
_161% __ MWNINNYSWNST.
1625

"WNCNN=1) ZWNSO




163 HL1=XA/ (REFPT*WNRR#*2,)

A64s  __HL23XB/ (REFPT*WNRR*2.)

165 HLSOZHLY#%2+HL 2022 )

L1668 0 CORRNZATTFR/(1e=HLSO=REFPTS+HLSOSREFPTS)

167» C THE FOLLOWING NEGs SIGN CONVERTS FROM IMPEDANCE SMITH CHART TO
168% __ C ADMITIANCE SMITH CHART.

169 H{L¢1)==HL1+CORRN

470« . H(Ls2)=~HL2#CORRN

171= BILL/ Lo 3)=SORT(H(L 1) &#24H(L»2) %22)

.172« __ C- __PREPARATION FOR THE .SMITH.CHART_PLOY.

173« ANGZABS(ATAN(HIL22)/H(Ls1)))
A4 0 IF(H(L22))700:701.701

175+ 701 IF(H{Ls1))703¢702,702

176% 702 ANGSANG ... .. ...

177« 60 TO 710

1784 703 ANGEPI-ANG .. _.__

179 G0 TO 710

480« 700 IF(H(Lr1))704:705¢705

181% 704 ANGSANG+PI

.12 GO TO 710 ...

183+ 705 ANG=2.*PI~ANG

184« _ 710 CONTINUE _ .

185 BILL L »4)=ANG*57,29578

Ae6s 0 FN(L)=29,9695%SART((w -

187= X{L)=2,203+(H(Ls1)*2.203/,22)

188+ _ 0 Y{L)=2,203+(H(Lr2)%2,203/.22) . —-
189+ C PLOT CURVE WITH 9010211¢12 GHZ MARKERS.

190« _ IF{L=1)950+950+951 ___

191» 950 CALL PLOT(X{1),Y(1),3)

192¢ = 9951 CONTINUE.

193 ALSABS(FN(L)=9.,001)

J194x  _IF(AL=,05)507+507,512

195+# 512 ALSABS(FN(L)=10,001)

196+ . IF(AL~,05)5081508¢513

197+ 513 ALSABS(FN(L)=-11.001)

198 IF(AL=.05)509¢509:514

199+ 514 ALZABS{(FN{L)=12,001)

200 _ IF{AL=,05)510:510r506 . - .
201+ 507 CALL SYMBOL(X(L)sY(L)?.07+1¢0¢00=1) N
202% . CALL SYMBOL(X(L)eY(L)raleBH 940 GHZe0u008)
203 GO0 TO S06

204 508 CALL SYMBOLIX({)sY(1 190723200 0em))

205« CALL SYMBOL(X(L)eY(L)re1¢9H 10.0 GHZ10.0+9)
.206% . _ GO TO 506 _..__._

207= 509 CALL SYMBOL(X(L)»Y(L)?»e0791+0e00¢=1)

208« _ . CALL SYMBOL(X(L)eY(L)rele9H 11.0 GHZ:0.0:9)
209 60 TO 506

L210% 510 CALL SYMBOLIX(L)2Y{1)2,0723200e02))

211 CALL SYMBOLIX(L)rY(L)?»o1¢9H 1240 GHZ+0.0+9)
212 506 CONTINUE.

213+ CALL PLOTIX(LYeY(L)»2)

2l4*__  C . END OF SMITH CHART PLOT. N,
215+ LE=L

_216% NESNE=10

217 L=L+)

218« _  C END OF REFLECTION.COEFFICIENT. AS.A FUNCTION OFf FREQ. AT DIST.YL

219 GO TO 302

195



220% 301 CONTINUE
221w IF(LLeNE,S)GO TO 5000 _ —
222% WRITE(1,1071)LE
. 223% _ 1071 FORMAT(I2)
224+ WRITECL+1070) (FNCI) ¢ IZLErLr=1)
_225% 1070 FORMAT(BF1044)
226+ WRITE(1¢1072) (H(Ts2) e IZ24LE)
227« WRITE(1¢1072) (H{122)r121.:LE)
228x 1072 FORMAT(8F10.6)
..229% 5000 CONTINUE R
230% WRITE(6+952)
__25k._______ﬂiZ_FORMAtLlﬂLLLQXL_EREQUENc1_;1nX4_mAGN1IUDE_nE_REELECIIDN_CQEEEICIEu_______
232« 1T%9/7/7)
233 DO1010L=1sLE S
234 WRITE(6+953) (FN(L) ¢ (BULLsL,3) rLL=1r10))
235% . 953 FORMAT(10XrF6e3¢10Xr10F10.4)
236% 1010 CONTINUE
_237% WRITE(E&r960).
236% 960 FORMAT(1H1+10X¢*FREQUENCY'+10Xe *PHASE ANGLE'¢///)
239% . DD1020L=1sLE .. ..o
240+ WRITE(6,1021) (FN(L) » (BULLsLst) rLL=1s100)
241w, 1021 FORMAT(10X+1F643020Xr10F10.k)
2u2x% 1020 CONTINUE
_243% .-D0229J=1.LE
2604s ISLE+1=-U
2u5% X(J)=B(SsXe3) . ..
246% 229 CONTINUE
_e4Te . DO231JsleLE.
248 ISLE+1-Y
—249% LY LS SENCT)
250 231 CONTINUE
_251%_ - REAL LTRSZ/LENGTH. . ___
252+« LOGICAL BOXsFIXLIMIUSELIM
253% . _. DATA HTITLE/*FREQUENCY. IN..GHZs
254 2 v/ .
__255% DATA_VIITLE/'MAGNITUDE OF REELECTION COEEFJCIENT
256% 2 v/
257% _ . CALL PLOT(10.r=3¢2=3)
258+« MODE=1
259 LTRSZ=.1 - _
260+ UP=4,5
__261¢ OVER=0.
262¢« HEIGHT=5,
263» LENGTH=5, U, -
26k HLSND=Y (1) .
L RBS¥__ _ _____  HUSNDSY(LE).____
266+ ICOUNT=LE
_267% BOX=,TRUE.
268% USELIM=.FALSE.
__269% _FIXLIMZ4FALSE.
270% USELIM=.TRUE,
271s ___  FIXLIM=,TRUE.
272+ VLBND=0,
_273% VUBND=.2
274+ NUMINT=16
275+ . PERCNT=.9 .. __
276+ CALL PLOTY(MODE.x.v.xcouur.upoovsa HEIGHToLENGTHsBOX e FIXLIM¢USELIM




277 1 'NUMINT+VTITLE/HTITLE/LTRSZsVLBND ¢ VUBND+HLBND+HUBND ¢ PERCNT)
_R78% __ DO230Jzl:eLE
279+ 1SLE+1-J
2808 x(J)=B{(5¢Iey4)
281+ 230 CONTINUE
_282% CALL_PLOT(10,0=3,0=3)
283« DATA HTITLE/'FREGUENCY IN GHZ.
_284s 2.
285% DATA RTITLE/*ANGLE IN DEGREES
286« . _..2 ) o
287 MODE=1
_288% LIRSZZe1
289% UPZ4,5
290%« . OVER=0.. . N
291+ HEIGHT=S,
292% _ _ _ LENGTH=5._
293% HUBND=Y (LE)
_294%__ HLBNDIY(1)
295% PERCNT=.9
.296% ____ ___ ICOUNT=LE _
297« BOXZ«TRUE,
298% _ . _ . USELIM=.FALSE.
299+« FIXLIM= ,FALSE.
_300e  VU3NDZ1B0._
301x V0LBND==180.
302% __ _ NUMINT=16. e S
303= CALL PLOTY(MODE¢X»sYsICOUNT,UP+OVERsHEIGHT + LENGTH»BOX»FIXLIMs USELIM
304% 1 sNUMINTeRTITLE+HTXTLELTRSZ+VLBND2VUBND¢HLBND» HUBND + PERCNT) o - - .
305 1006 DO1007LL=1+10
_S306%__ DD100BL=1.LE
307# JELE+1-L
.308% . B(LLeLr1)2B(LLrJdr&)
309¢ 1008 CONTINUE
.310%___ _ 1007 CONTINVE
311 CALL PLOTHO-»-B.'-B)
312« DATA PTITLE/'DISTANCE IN CM.
313« 2 v/
Slux LTRSZ=.1 ... __ e ¢t e
315% UP=4,5
316% OVER=0. __
317% HEIGHT=S,
_318s LENGTH=S.
319« HLBND=YL (1)
0320% . HUSND=YL(10)
321% PERCNTZ.9
.322¢__ . __ ICOUNT=10
323 BOX=4TRUE . .
_324%_ __ USELIMZ.TRUE.
325+ FIXLIM=.TRUE, ' *
_326%_______ ____VUBND=360,
327% VLBND=D.D
J32B¢___ NUMINT=E
329 DO10111=1,4
_330% MODE=1
331 IF(1.6T.1)M0DE=4
332 FMEOGOHI-

333+ LF=S



334 IF(IL.6T 1ILFS12

335 IF(I.GT.2)LF=16 e
336% IF(1.GT+3)LF=23
337« __ . DOM0l12LL=1,10___
338# X(LL)=B(LLILF1)

U339+ 1012 CONTINUE
340% CALL PLOTX{MODE»X»ICOUNT»UP+OVER?HEIGHT2LENGTHsBOX»FIXLIMIUSELIM,
J4le 1 NUMINT/RTITLE'PTITLErLTRSZVLBND:VUBND+HLBND ¢ HUBND» PERCNT)Y
3y2s 1011 CONTINUE

343« 600 CONTINUVE. .
344 2001 CONTINUE

345+ CALL PLOT(0.0r0.,00999)
346w END

"END OF COMPILATION:  NO DIAGNOSTICS.
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Matching Program

Statement Label ’

Number Number Statement

1e DIMENSION D(100)

2% DIMENSION"RELTI0DY T

3 DIMENSION FR(90).wN(90)othgo).FSuL(90)-DP(u).wIDrH(u),ALsNen(u)

TG# T T DIMENSION AA(90)5COT90Y»SITI0) ,ARMS (33 3537+ SE(I0)sBETA(Q0)Y T

5% DIMENSION XREL(90),YIMAG(90)
T b# T T T TDIMENSION IBUF (2000005 x (90 YO0 FHTITLE (12 s VTITLEtLR) T T o
1 DIMENSION ALPHA(3+90),BETE(3+90) +BESOA(3,90) ¢+BESOB(3¢90)rBESIA(3,9

8% 10),BESIB(3,90)750P(3y9g i3SI (3,90 T T
__9% COWPLEX an(go).AGAM(q 90) »GAMMA (90) » GAMMAHI BGAM YT+ 21T,YT

10% 7T TTTCOMPLEX G5AM{3,379003) T
_l1e CoupLEX 21,27

12¢ 77 TTCOMPLEX XGAM(100)” -

13« covwplex YIX

T 14¥ T CTHIS PROGRAM DETERMINES THE DIMENSISNS OF THE DESIGNATED —

15% CALL PLOTS(IBUF(1),20000,2)

T16% € MATCHING ELEMENT: IN 'ORDER TO IMPEDANCE MATCH THE MEASURED
17% C MISMATCH,



1ge C LIST OF CONSTANTS,

196 77 T PIz3.1415926536

20% C=2,998%(10%%10)

21« 77 TC WAVEGUIDE wIDTH IN INCHEGZWGW — ~ -

_22¢ wW6r=0,9

238 hzwoWs2,547
_24x C__ WAVEGUIDE HEIGHT IN INCHEG=WGH,

25 T WoH=+4

26% By GHx2,54
27T € ETIS THE BASE OF THE NATURAL LDG,

28= £=2.7182818284

29« ~BETWUSSGRT(2,)

30% S P e A T T I P T e I L P S P 2T 2R 11 222 L P2 TL 2 2y 'Y
- e L Py Y e T T L T L L T P T ITL L a Tr T PP s 1Y 7Y s
32« Cx« THE VALUE OF THE FIRST DATA CARD 1S MACHEL, (3

'33&« 77 'Cxx THE VALUE OF MACHEL SELECTS THE TYPE OF MATCHING ELEMENT,  — "%¥

34 Cx* THE VALUE OF MACHEL MAY gE 1 OR 2 OR 3 OR 4 WHERE =

T35 C#% 1 CORRESPONDS TO THE CAPACITIVE RIS, 7 S
_ 36 C** 2 CORRESPONDS TO THE ASYMMETRICAL IND, IRIS, %

37« 7 TCex 3 CORRESPONDS TO THE SOLID INDUCTIVE POST, 13
_dex C*« 4 CORRESPONDS TO THE DIELECTRIC POST, b

39 B Y Y i Al L T L L I T A I s S T L T T I T 1 1 e

40# C“*t‘t‘t**tt#tttttt##t‘t*tt‘ttt#t‘tt“tlt"t‘t##‘t‘#.t.l##‘tl‘#‘t“t“‘

Ui T DATA CARDDRDER,  ~
_hox C FIRST DATA CARD=MACHEL
Tu43& 77 TCT SECOND DATA CARDSEPRIM T N

by C THIRD DATA CARD=LE(NO OF DATA POINTS)

T4s&77T7TCT FREQ. DATA CARDS T T
M hd C REAL AND IMAGINARY PARTS oF UNMATCHED REFLECTION COEFF.

TUTE C BANJ LIMITS To BE VATCHED OVER,

__4ps C NpO'' THE NUMSER OF TIMES THE DEVICE IS To RE MATCHED
49 T C "ALENGH THZ STARTING VALUE FORLENGTH DOWN THE "GUIDE,
_So% C__NOTE'* THE NUM3ER OF ALENGH DATA CARDS SHOULD BE = TO THE NO,'NOO
S1s T READ(S,560)MACHEL ™ ’ '
__52»* 560 FORMAT(I11)
53x7 T EPRIM IS THE RELATIVE DIELECTRIC CONSTANT FOR THE OIELECTRIC POST,"
_ Sus . READ(5,601)EPRIM
55« 601 FORMAT(F10,3) T
56% READ(5,1010)LE
57+ "101g FORVAT(12) T T
__Se# WRITE(6+2050)MACHELLE
59% 2050 FORMATT1H1,777710X, "MACHEL =7 TX 7 10X7? YNUMBER OF DATA POINTS =¥, 13)
_60* READ(5,1011) (FR{I),I21,LE)
61% 1011 FORMAT(8F10,.4) T
_bax . READ(S,1) (XREL(I)+IS1,LE) N
63« T T READ(S, 1) (YIMAG(I) s I=L,LE)
__6us 1 FORMAT(8F10.4)
65+ WRITE(6,2052)
_ 6bs 2052 FORMAT(///+110Xs 'REAL PART OF THE MISMATCHr,///)
678 T WRITE(6+2051) (XREL{T)7IZLEV17=1)
_ 68% 2051 FORVAT(10X,8F1047)
69% T WRITE(612053) T -
70% 2053 FORMAT(///,10X,*IMAGINARY PART OF THE MISMATCH1,///)
¥ WRITET6s2051YV TYIMAGIY Y, TSLET Tr =17
T2 __DOBN=1,LE
3% "GAM(IN) =XRELINY+ (07178 YIMAGN)
Tus 8 CONTINUE



201

75% 001020NM=1,LE
T7e€T T T ISUEHIAN
77% XGAMIN)=GAMIT)
T78% X020 CONTINUE
79 001021N=1,LE
G GAVINYEXGAMINY
81+ 1021 CONTINUE
824 € 'FRBEG AND FREND ARETHE FREGUENCY BAND LIMITS IN GHZ OF THE MATCHING
83» C BANDWIDTH OF INTEREST,
1S D READ(5,3)FRBEGYFREND ) T
85% 3 FORMAT(2F10,3)
T 8b6* DO4I=1,TE
87« DIF=ARS(FRBEG=FR(I))
TTess T IF(JIF,LEL.0,07)50 TO 8 T T e e
89+ y CONTINUE
TT9ps T T T oJBEG=Y T T
91x J061=1,LE
T2 DIFZA3SIFREND<FRUITY
93s IF(DIF,LE, 0.07)60 TO ?
T 9ue T 7T g CONTINUE T
95 7 JENDZ=I
T 96w T OIF(JBEGGE,JEND) UBEGSY T
97s C FR IS FREQUENCY IN GHZ,
TT88s T € wN IS INGUIDZ WAVENUMBER IN TV,
99« C_ WL IS INGUIDE WAVELENGTH IN CM,
100+ C ' FgWlL IS FREE SPACE WAVELENGTH IN CM.
101+ D021=1,LE
102" T OWN(I)=SORT((FR{T11/29,9695V#%2= 17 {2+ ¥2, SARWGW ) %#2)
103+ WL(I)}=1,/7wN(T)
104 TFSWL{T1)=229,9695/FR(TY
105 BETA(I)= 2.:PI/WL(I)
Tl06e T 77T "3 CONTINUE T T B
107+ € INITIAL VALUES FOR THE PHysICAL PAR#METERS OF THE MATCHXNG ELEMENT.
108« T 7T 777 READ(5,4001)INOO T R Tt T T -
109 400) FORMAT(12)
110+ DOAG02NRZ1,NGD
11 READ(5,4000) ALENGH(1)
112» 4000 FORMAT(F10,5) T
113« wRITE(ﬁ»SOOl)ALENGH(I)
T 1l4e T 75003 FORMAT(///,10X, *STARTING VALUE OF ALENGH = v4F10,4)
115» MM=0
116+ DP(1YEVYR
_ 117+ IF (MACHEL.GE,310P(1)=,16
1igs TTTWIDTH =, 05
119+ IF(VACHEL +GE,3)WIDTH(1)=,547
T120% T € TINCREMENT PHYSICAL™ PARAMETERS AROUND "TRE (17171 POINT IN ~—~ "
121 C OIMENSION SPACE,

12247 T TTHIS PROGRAM PREFORMS AN TNCREMENTING RDJUSTMENT TO ZOOM INg ™~ 7 " 7~
123= ANCRMT=1,

T1l24e T T IF(MACHELLLT,3)ANUMBR= L e
125# IF(MACHEL.GE, 3)ANUMBR-.05

T126% T TG0 TYO0 250 e - e e e ¢ i e
127 350 ANCRMT=ANCRMT=2,
128+ 250 DP(2Y=0P(1)<~ANUMBR7ANCRMT
129= FAL30=DP (1)

T130% T T FALBW=WIDTHID)

A3te __ IF(DP(2).LT.,04,AND MACHEL,L LT.J)DP(z)-FaLeD




. : 202

132+ IF(DP(Z).LT..DOS AND ,MACHEL ,GE, 3)DP(2)-FALBD

Y33« T T T DP(3)= 3?(1)+A1UW3R/ANCR%T [

134« WIDTH(2)=WIOTH(1) =, 01/ANCRMT

1354 T T IF(wIDTH(2) W LTes03,AND MACHEL . LTv3)WIDTH(2Y=FALBW

136% IF(WIDTH(2) JLTe 46, AND MACHEL ,GE«3)WIDTH(2)=FALBW

137 WAIpTHIA) =wI0TA(L1) +,01/ANCRUT

138+« ALENGH(2)=ALENGH (1) =, 1 /ANCRYVT

1396 7T T ALENGH(3)=ALENGH (1) #, 1 /ANCRMT T

140% C RETURN TO RECALCULATION,

14187 TC TFIXED MIGMATCH IS5 GAM,

142 C THE FIXED MISMATCH AT A POINT ALENGH TOWARD THE GENERATOR 1S AGAM,
143+ 0030522153

144% D0303N=JBEGs JEND

145 T AGAVIM,N)ZGAM(N) *CEXPT {0 =1V#2,BETAINY®ALENGH (M))

lues IF(ALENGH(M) LT, 0.)AGAM(M¢N)‘GAM(N)

147 T TT30F CONTINUE S -
148% 302 CONTINUE

BT TG0 10 (399,4999599,699) fMACHED

150+ Ct*‘t***tt"tit*tttttti*#t#tttt*#tt*t##*#‘*“t#*t**t‘#t.ttﬁ*t‘t*#.“lt“#
“151% 7 77 399 CONTINUE

152+ C_ MATCHING ELEMENT''CAPACITIVE IRIS''COMPLEX REFLECTION COEFF.

153 7 7¢T Ag A FUNCTION OF DIMENSION SPACE AND FREGUENCY, ™

154« D0300L=JBEG6s JEND

155« T AB=SORT(1.-(B/WLTEY T *43)

156% AA(L)=(1,/AB)=1,

157+ T 7300 COnTINUE —

158% C wIDTH(I) IS EQUAL TO THE THICKNESS OF THE IRIS,

159% ¢ Op(I) IS EQUAL TH TWICE THE IRIS HEIGHT,
_160% 20252J=1¢3

1eas D y=3-0PuY

162% D02511=1+3
T3 T T T T IR (1 EG. 1 AND  JLEQ, 1, 0RIVER, 1,ANDJLER,2,0R\T  EQ, L AND,V,EG+3,0R -
164x* 114E042,AND,J,EQ.L, OR 1,E0.3, AND.J Eo.l)so _TO 2003

165« =~ 777 G0 1O 251 T

166% 2003 CONTINUE
167 “TOND=WIDTYH(YT/DPLJY

168% _ IF(C OND GEL,1,)DP(J)=FALRD

169 T T T XIF(CONDLGE 1, IWIDTH(I ) =FALBW " R

170+* GMz 1-+(WI3TH(I)/(PI#DP(J)))tALOG(“otPI*DP(J)/(E#WIDTH(I)))
T1T71x 7T COo(JdI=C0S PIXIP(J)/(2,4B)) T

172# SI(J)=SIN(PI*IP(J)/(2,%8))
173 BE(J121,7C0S(PI«DPTI} wGM/ 12 %BYY
174 DOZOIKK=UBEG,JEND

175% T BONETPIDP(JIAWIDTHIY) /(2.%R&D(JV Y~ “"
176 BTwo= AA(KK)#(SI(J)tt“)/(l.#ﬂA(KK)#(CO(J)#*Q))

177« T T BTRES (107166 ) R ((B/WLIKK) ) #k2) a ({10 =30 x (CO(IY R Y Hx2V % (SI(UTOSG)Y
_176# BNORM= (2, #8/WL (KK) }» (AL OG(SE(J) ) =BONE+RTWO+BTRE)

176« "BA=3NORM+(B/DIU) Y«TAN{pIxWIDTH(TII/WL{KKY)
_180% 882(8/3(J))#1,/SIN(2, *PI*WIDTH(I) /WL (KK))

181+ TTTTYI=(001) #3841,

182« 211=((0e1)/BBI+1,/Y1
183 T T T ¥YT2(001)#BA+1, /211

184* D0250%=1,3
~185% : BGAVS(YT=1 V7T, #7T7

186% GGAM(T,JyKKoN)=BGAMKCEXP((0,1)#2+.#BETA (KK)»ALENGH(N))
“187% TTUIF(ALENGHIN)Y (GE, 04 )GGAM(T i UIKK, NI =BGAM

_d@ex  26p CONTINUE



189+
“190%
A%1s
T192% T
193»

TI84&T T 3071 CONTINUE

195#
Tloes
197

198 T~

199+

229

T230¢ T SuITH CHARRTTPLOT,

_231s
232%
233

T23us
235%

TR36%

c

T € JCORRES YO HEIGHT OF IRIS,

c

C
C

7252 CONTINUE T

7€ I CORRES, TO THICKNESS OF “THE IRIS, ™

C

‘¢ Kk CORRES, TO FREQUENCY,” )

c

2007 conrTinvg

203

1 CORRES, TO THICKNESS OF THE IRls,

KK CORRES TO FREQUENCY,
GGAM IS THE "COMPLEX REFLECYION COEFF, AS PER, ADMITTANCE,
SUITH CHART PLOT.

251 CONTINUE

GO 1O 4ou

e T Y Y I i P I Tttt i T T T AR SRR 24 PP L 10 TR L Y 2

499 CONTINUE

] TCTT MATCHING ELEMENT VASYMMETRICAL INDUCTIVE IRISY COMPLEX REFLECTION "~~~

Ag A FUNCTION OF DIMENSION SPACE AND FREGUENCY.

" DOynO0l=1,3 "~ — e
D0uold=1,3

IF(11EQV L eAND o JeEQ7 1 ORTER, I AND G UJeEN 2¢ORILEQRI¢ANDoJeEQe3,0Rs
11.EG+2,AND,J,EQ.140R,I,EQ.3, AND.J.EQe1)60 TO 2007

'G07T0 4ot T T

7T CONDTWIDTH(I)ZDPIJY 7"
IF(COND,GE,1,)DP(J)=FALBD
IF(COND,GE, 1, )WIDTH(I)=FALBW — ~ - R
CApIP= (DP(J)/SGTHO)t(l +(WIDTH(I)/(P1¢DP(J)))#ALOG(“.-PI‘DP(J)/(E*
AWIDTHLIYY )Y
CAPIZ((U,/(3,#P1)) «WIDTH(I) 40P (J) 23] aun(1,/4,)
D04 02KK=JBEG, JEND ~ T
Xa AND X3 ARE NORMALIZED [MPEDANCES.
T XAz (4, kA/WLIKK) )k ({A/{PI*CAPDP) ) *%2) —
XBz(A/ (164 #WLIKK}) ) » ((PT+CAPD/A) *%2)
“T21=10s=1) ax34 1]
211=01,/7041,/70(0,1)%XA})41,/21))
2T= (0:-1)tx°4211
BGAUZ(1.-27)/7(1.42T)
30!4031\! 103 7 Tt T TTT T T
GGAMIT,JrKKIN)=BGAM&CEXP ((0r1)#2+#BETA(KK) 2ALENGH(N))
T IF(ALENGH (N} GE, 0, T66AM( T+ JrKK,N) SBEAW
403 CONTINUE

J CORRZS, TO HEIGHT OF IRIS,

GGAM IS THE COMPLEX REFLECTION COEFFo AS PER ADMITTANCE

402 .CONTINUE
401 CONTINUE
400 CONTINUE
30 TO uoy e o e e e e e e

C*‘*t*‘*tt‘*t‘tttttt:tmtttt‘.att#att.-ttttttttttttttttttgtt:ttt-tttttttt

R

C
-

599 CONTINUE ~— - T A
MATCHING ELEMENT *'SOLID INDUCTIVE POST+ COMPLEX REFLECTIOM COEFF,
Ag A" FUNCTION OF DIMENSION P
Ag A FUNCTION OF DIMENSION SPACE AND FREQUENCY,
Dp{I) IS DEFINED TO BE THE DIAMETER OF "THE POST,” e
WIDTH(I) 1S DEFINED To BE THE DISTANCE OF THE CENTER LINE OF THE posT
FROMTTHE "S§IDE-WALLY
005401=1,3
IF(wWIDTHII) 6T 1 82)WIDTHITYEFALBN 7
DOSYIKK=JIEG, JEND




oo -- - 204

2Upx M=2

247 R = e —

2ug* XS11=0,0
T24gx T T T TTT XS0o%=0,0 7 T

250+% 543 XI=SGRT{1./({ (N%¥2)=((2 *A/FSWL(KK))x*2})})

Te5ix T T XSO C(SININ*PI&WIDTH(T) /AT %3 IXI<T,7NY

252+ XS00=X50+XS00

2538 T IF(XS0,LE.,001)G07TO 5§57

254 S4y NIN+1 -
T255% T T GO0 TO 543 T

256% 545 XI= sORT(thZ/((Mttz) ((Z.tA/FSwL(KK))ttZ)))

257+ XSS IS INGZ  » MePIFWIDTRI T 7K T & (XT=1, 1)

258% XSII=XS1+XSIT

259# T OABxSIzAgS(XSYY T T T

260% IF(aABXSI, LE.,001)G60 TO 5u7

2a1* Shg M=vsl T

262% GO TO 545

263¥% 547 CONTINUZE ~

264# SOP(I/KK)=XS00%2,=2.%( (SIN(PI*WIDTH(I) /A)) %%2)

265« - SIT(I KKISXSTII+ (5% (1, /TAN(PI*WIOTH(I) /A})SSIN(2 #PIRNIDTHIIIZAYY
266% 541 CONTINYE

267 T S4g CONTINUZ o T

266% 005481=1,3

269« T CT=1e/TAN(PI«WIDTHITIYZA)

270+ CSS=(1,/SIN(PI*WIDTH(I)/A)) %2

271 T 7T SNS(GIN(PIxWIDTH(T) /Ay ) ek2 ™ T T T - -
272+ D0549Uz1+3

R273% T T T IF(1eE0, 16 ANDGUGEG, I ORGIVET. 1 ANDVTVER G2 ORVIVEGVTVAND VI EQE3, 0Ry
274w 11.8Q.2, AND J Eo.l.OR 1.EQ.3, AND.J EQ+1)60 TO 2008

2185% 60770 w49 i

276% 2008 CONTINUE

277* IF(DP(J) «5E4,22)DP(J)=FALBD T

278* IF(DP(J)4LE,.0)GO TO 200

279% T T POOAZ(PI*0OP(U)/AY%x2 -

280 POOZ(PI#DP(J)/(A%2,)) %42

281% T T S0PPIALOG( (4, %A/ (PTDP(JTTRSIN(PI*WIOTRITITZATY]

282 DO550KK=J3EG, JEND

283% T XA AND X3 ARZ NORMALIZED TMPEDANCES.

284» XBz(A/wlL (KK) ) *POOAXSNS

285% - XAzZXB/2,+A/ (2 #WLIKK) ) xCSS# (SOPP+SOP(I,KK)S{ (PIDP (I} /(2 AV 42V
_286s 1(0(S0PP+SOP(TIKK) ) #CT=STI(IrKK))*22))

287+ T 2Iz(0,=1) £xXR+1,,

288« 211201, /7001,/7((001)XA))+1,/21))

289 T T 2T2(0r-1) ex34211 T

290+ BGAMS(1,-27)/(2T+.1)

291« T T DO851K=143 T

292* GGAMII,JrKK1K)Z ssw.caxP((o 1).2.~BETA(KKHALENGH(K))
293% IF(ALEMGH(K) GE, 0 O)BGANTIT I I KKeKIZRGAM

294 551 CONTINUE

295% 7 T°C I CORRES TO JISTANCE OF PoST FROM SIDE"WALLS

296% € J CORRES 1O DIAMETER OF POST.

297+ T TTTTCT Kk CORRES TO FREQUENCY, T~

298+ C K CORRES TO JISTANCE BETWEEN MISMATCHES.

299 T 855 CONTINUE T

_300= 549 CONTINUE

301% 548 CONTINUE™

302 .80 70O uou




, . . I
[ R e T et P L P PP T TR P T e P e DL T Pt

205

303
T304% T T 699 CONTINUE
305 C MATCHING ELEMENT *DIELECTRIC POST* COMPLEX REFLECTION COEFF.
“306% € TAs A FUNCTION OF DIMENSION SPACE AND FREQUENCYs GIVEN THME DIELECTRIC:
307# SGEPRM=SQRT(EPRIM)
306 € DP IS DEFINED TO BE THE DIAMETER OF YHE DYECECTRIC POST,
309% C WIDTH IS DEFINED TO BE THE DISTANCE FROM THE SIDEwALL TO THE CENTER-
3104 " 77C TLINE OF THE POST,. )
311 C BgSLA 1S THE SESSEL FUNCTION WITH ALPHA AS ITS ARGUMENT,
‘312« 77 7C 'BESLB IS THE BESSEL FUNCTION WITH BETE AS ITS ARGUMENT, ~ "~~~ Tt
313 00602Jz1+3
I1ux ~YF (9P (J) (BETIIUZTDOP TUTEFALBD
315 B DOBN3IN=UBEG» JEND
316% T ALPHA(J»N) =PT4DP (J) /FSWL (N) TTrTTTTmmrT e mrmme
317» BETE(JyN)SALPHA(JrN) *SQREPRM
318 T BESOA(JN) ZBSSLEALPHA(YIN) D LT
319x% BESO3(JeN)=3SSLIBETE(J,N) v 1)
T320% TTTTBESIA(J NI ZASSL (ALPHA(YYNY 3T -
321« BESI3(J»N)zBSSL(RETE(J,N)»3)
"322« T C77J CORRZS TO DIAMETERY» N CORRES® TO"FREE"SPACE 'WAVELENGTH, -
323# 603 CONTINUE
3248 602 COMTINUE ’ o - -
325% C CALCULATE SO THE PARTIAL SUM,
“326% € 1 CORRZS'TO DISTANCE FROM SIDEWATL, -
327+ €. L CORRZIS 7O FREE-SPACE WAYELENGTH,
T328¢ T T DO6YUI=1,3 o
329« IF(wIdTH(LY, LT..uﬁ)wIDTH(I)-w!DTH(X)
330% - DO6NSL=UBEGr JEND "~ Tttt T B
331« N=p
“332% Xs60=0,0
333+ 606 XI=SORT(1./((Nsx2)=((2, #A/FSWL(L))=%22)))
33y T XSO={(SINI(NsPI*WIDTH{I)/Z7A) ) ##2) (XTI /Ny — ~— 7 = o ==
335+« XS00=X50+X500
"336% 7 "IF(XS0,LE.,001)607T0 608
337« 607 NN+l
T — {0 T o I T
339 608 CONTINUE
bUYiE . SOP(I,L)=X500%2,=2, % ( (SINIPI®*WIDTH(I) 7A) Y%#%2)" -
341 605 CONTINUE ,
“342% 7T 604 CONTINUE 77 T T
343% C CALCULATE THE SHUNT AND SERIES IMPEDANCE FOR THE POST MODEL.
T340% V060912173
_3us5e D0p10U=1+3
Jup* i} TIF(1+E0.17AND, J:EG‘ITOR“T‘EG‘T}AND.J.EG 2 ORCICERTTZARDVJVEG3,0R.
347« 11.50.2,AND,J, EG o1ls OR I E0.3 AND.J EG-I)GO TO 2009
3uBs - 50 TO %10 ) T T T T T
349s 2009 CONTINUE
T350% € I CORRESTTO DISTANCE FROM THE QIDEWALL,” ~ 77" 77"" @ "= wwmmr mremr—e e
351 C J CORRES TO DIAMETER OF DIELECTRIC,
3524 7T 7 SOpPIALOGL(4,%A/ (PIXDP(J) ) «SIN(PIAWIDTH(TI)/A))) <~ T e
353 ' D061 14=JBEG s JEND
3SusT T CTTM CORRES TO FREQ, 7 - '“' T
355% XB= (2..A/dL(M))t((PI*DP(J)/A)ttZ)t(SIN(PItNIDTH(!)/A)‘vZ)/(((ALPHA
356% TTI7MY %4 2) «3CSIRIIIMIZBESTA(IIMY ) FCL L7 (ALPHACII MY RBESOA(Je M) — ~ 77"
357# 23E513(J'W)-BETE(JIM)tBESOB(J'M)‘BESIA(Jv“)))-2.)
3584 T U XA BaXBA A2, 4 ULIM) ) Y2 (1. /(SIN(PTAWIDTH(T) /A) %42y )% ((RESOR(I MYy 7~
359 1BESOA (UM} )# (1,7 (BETE(Y)M)«BESOA(J,M)RRESIB(JUIM)=ALPHA(JP M)




360* ZBES'WlJrM)tRESIA(JrM))) (SOPP+SOP(I,M) )+ (ALPHA(J/M)/4,))

T361x T T ¥IZ. /(002 eXBY )T
3p2% YII=l./((0,~1)sXA)+Y]
T363% T YT=1a/( (001 ) xXB41SZYITY
364 BGAVI(YT-1,)/(1,4YT)
T3eS% J0612MZ{,3 T
366 GGAMIT JoM,N)SBGAMKCEXP((0s1) 42, ¥BETA(M) »ALENGH(N))
B 1-Y 2 IF(ALEMGH(N) GEJO)GGAM(T?UrMyN)=BGAM "~ T
368* 612 CONTINUE

T369% T 6GAM 1S THE COMPLEX REFLECTION COEFF AS PER-ADMITTANCE SMITH CHARTS
370% 611 CONTINUE

I 810 TONTINUE
372+ 609 CONTINUE
T373s 7T GO TO Loy monem s e -
374 Ctﬂﬂnutnvu‘uuutnu.utttunnutnnnnttuttﬂtunu*nut
3756 = 404 CONTINUE . s JERTIRTEY i e
376% C CALCULATE THE VISMATCH ANp THE RMS OF THE MISMATCH, THEN DETERMINE
T3I774 T TTHE SUALLEST vALUE "ENDTEXIT OR RETURN TO INCREMENT IN OIM,” SPACE,
378+« D02n1Iz1,3
T 379« YT U DO2p24z=1,3 07 T
380% D0203K=1,3
T 381 T 0T IF(I.EQ.1.AND.U.E0.1.ArljD".'K;'EG.‘1';0R'.I.EG;‘I‘.“AND.JIEG';1’;ANDGK?E°.2?OR‘"""‘
382+ el EQ L I AND o JeEQ L AND K EQy3.0RIEQe1+ANDJ+EQR2,AND KiEGs1.0R, I
383« ~2 Eo.l AND L JeEQ,IVAND, I(EOTI.DR‘T-EQ ZJND.IYEG'T‘IND K'EG.‘ITOR.I.E )
38u* 3043,AND.J.EG, 1. AND K EQ,1)60 TO 2001
385« 7 60 1O 203 ST T e — B
386 2003 conTIMmuyE
387 T © PARYTS%=20,0 I
388 D0204N=JBEG e JEND
T386% T GAMARHZ (AGAM(KINYHGEAMT T  JrN RT=2- #AGAMIK  NTRGGAMTT v JT R KT T 7 (1, =AG
~390% TAM(KIN) £GSAM(T»JeNyK))
391% 7T SNGLVLS(CARS(GAMMAH) Y42 T -
392 PARTSV~PAR15~1+SNGLVL :
" 393w 77 204 CONTINUE TR T T ; -
394 RS=SORT(PARTSM)
T395¢ T T T T ARMSIT v JeK) 2 (1 7SART{TJENDSUREGYY*RS ¢
3968 C THE ROOT MZAN SQ. OF THE MISMATCH OVER THE BAND OF INTEREST HAS BEEN
T 397 T CALCULATED, T
398# 203 coervu-
T399s T 7 202 COnvlngs T T o . T o
400* 201 CONTINUE
“Go1e € DETERMINI THZ SMATLESYT VA{UE OF ARMSIT, JyKYyAND SET IV EQUAL TO THE
up2# C CcoNTER POINT IN DIVMENSION SPACE,
403+« T C ARMS 15 THE RQOT MEAN SQUARE MISMATCH OVER THE BAND OF INTERESY: S
_ 404 C DETERWINEATION OF THE LEAsT OF THE ARMS ENSEMELE.
405« T 77 ATEST=ARMS (1,10 1) T
_4Q6e 002051=1,3
407# - D0206Uz1+3
_ho8e D02n7K=1:3
Tu0os T O XF(14EQ. 1 ANDJLEQ YVAND, KL ER, 1 OR TVEGL T, AND JLER, 1, ANDKVER, 2,0RT T
410# 1e1,EQ,10AND.JEQe1,AND, K EQs3,0RsI,EQ,14AND.J+EQ,2,AND,KsEQ.140R,1
Tuige T T 2 ER 1 AND L JL,EQ.3,AND,K,EQJ1,0R, TeEQ, 2 ANDJoEG 1 eAND K EQTTLORTE—
_412« 39.3,AND,J.EQ,1.,AND K EQ,1)60 TO 2004
413» 60770207
Blhe 2004 CONTINUE
“hise TIF(ARMS (I v oK) JLT ATESTVATEST=ARMSTIVITKY

416 . 207 CONTINUE




207

417+ 20 CONTINUE
Blos 7205 CONTINUE T
419  D0100I=1,3
420+« 20101u=1,3
421x D0102K=1,3
TR22*x T TFUIYEQ ARGV ET T AND K EQ, 1. ORIV ER, Ty ANDVOLEQ 1VAND K EQV2 OR™
423% 1.1,50,1,ANDJeEQs1,AND K ,E0,3,0ReI1.EQ.1+ANDJ+EQR,2,AND K EQ,1.0R, I
Y- S T 2.EQ I ANDVULET I AND (KL ERVI OR, TVER 2AND UL EQLIAND K, EQ,1,0R, T, E™
425« 3Q.3.4ND,JWEQ, 1. AND Ko EG.l)GO T0 2005
.“26‘.._‘_“___ T 60 TO 102 o T T T
427 2005 CONTINUE
L28% 7 T IF(ABS{ATEST-ARMS(I#I7KT)I LT, 1, E520Y6G0 TO 103~ -
429 102 CONnTINUE
W36¢ 77 7 101 CONTINUE ST T T T e e e -
431% 100 CONnTINUE
432« 777103 CONTINUE T T T T T e o
433 MMzuMe
"3y € TEST'FOR TERMINATIONG
H435% IF(MM,EG,1)60 TO 108
436% T IF(TeNEW140RGJNEJTLOR, KYNEGIYG0 TO 1087~ B
437« IF (ANCRVT,GE, 8. )GO TO 200
438 G0 10 350 T T T -
439« 108 CONTINUE
Buos TWIDTHIL) SWIDTHIT) -
Yy DP(1)=DP(J)
uyos T ALENGH (1) SALENGH(KY
443 ITI=ITIVE(IT2.1ITS)
444 7T 7T T IF(ITL,LT.1.,55+5)6G0°TO 2000 T '_' -
445 G0 10 250
“Buee €T RESULTANT MISMATCH PROTEERSURE IS CARRIED OUT.
447 200 CONTINUE
bygs 7 WRITE(6e370)10JeK 777 77777 T T
4uGe 370 FORMAT(1H1,//+10Xs*OPTIMUM CHOICE HAS INDICES ('0110'0'!!11"'v!1'
4506 T T gty o o
451 WRITE(6,800)
BS2e 7 800 FORMAT(//+10X» *COORDINATE(T»JvRY '710X5 FROOT MEAN" SQUARE OVER MATCH —
453 1ED ahlDvs//)
BSue T 0080211=1,3 T Tttt
455 00803JU=1+3
uses DOBOUKK=1e3 =T T T D T T
457« IF(I1,EQ,1,AND,JJ.EQ,1,AND KK, EQ.1, OR 11,EQ.1.AND, JJ EQ.1, AND KK ,E
“R58% IGTE?ORIIIiEG:ITﬁNDTUU—EG‘I—INU‘KK"EU_3 UR_IT'EG 1.ANDTUJLEG, 2.!”0.
459 ZKK.EG.I.OR.II.EG.1.AN0.JJ.EG.3.AND.KK.E0.1.OR.II.EQ.Z.AND.JJ-EQ.I.
W60® T T T BAND KK, EQ.1,0R, TT.EQVE,ANDSISVEQ. 1. AND (KKJEG1)60 TO 2006
461% GO 10 gou
“4p2% T T 200 CONTINWUE T T T e R T
463% WRITE(6,801)1I1rJJrKK, ARMS(II JJ.KK)
46y B01 FORUVAT(21X, i { ¥ p T4 #, T19 s "y 1L ¥ Y10 F10.YY - —— e
465* 80y CONTINUE
YL 803 CONTINUE T TTTI T I T ITT T T T e e e e o
467% 802 CONnTINUE
T T 77 GO TO (398,498+598+698) P MACHEL T T T e e e .
460% C#“tttttt‘t‘ttt##ttttttl&tt#t#t‘##‘tt#"‘t“tttt#‘#‘t‘#‘t'#tt“ﬁt*“‘*"
GTes T 39 CONTINUE T T
471w 3(U)=3=0P ()
{2 T DO3YSKK=LNLE T T T T T T s e s
473s ABZSORT(1,~(B/WLIKK) ) #s2)



474%

Y41

476+

TRTTe

478

&9 T

430%

481s T

Lgex

483«

484

TRasE  YIT{O/1) #3441,

- - - . 208

AA(KK)-(l /RBl=1,

T GM= 1-*(WIDTH(I)I(PI#DP(J)))tlLOG(“otPItDP‘J)/(Eiﬁ!DTHrITrT_“__*_
CO(J)=COS(PTI&DP(JI/(2,4B))
BRI =SINIPIROP (U /(2,%BYYT T

SE(J}=1./7C0S(PI+DP(J) g/ (2,%B))
BONEZPT«OP (JI#WIDTRIIY /{2542 DTIT
BTwOSAA(KK)#(SI(JI g ) /(1a+AR{KK)I®(CO(J)uxt))

BYRIZ(1,/16) #({B/ZWLIKK) ) xx2)a((1,=3,(COTU) a2 ) 4622 (SITOWE)
BNORM-(Z.tB/wL(KK))m(ALOG(SE(J))-BONE+BTHO+BTRE)
BAz3NQRU+{B/D(J) ) «TAN(PIAWIOTH{I ) 7WL(KR)Y
BB=(B/D(J))#1./SIN(2,%PIxWIDTH(I) /WL (KK))

4864 211=((0r1)/88141,/Y1
WB7s T 77T Y¥T=(0, 1) #8A41, /21177 .
48ex% BGAVMS(YT=1,)/7{1,+YT)
yage T TGGaull, J,KK'K) BGA\M:!C!;)(P((t)pl)-012-srBE'Ttﬂ(K)()tr/*LENGH(K)T—"‘”‘“"_""~ """""
[X-TT] IF(ALENGH(K) ,GE .0+ )GGAMITrJoKK,K)ZBGAM
491 "lGAw((.K&):GAM(KKY&CEX§(10'-1)32;~BETATKK1thEENGﬁtk))
492% IF(ALENGHIK) (LT, 0 )AGAMIK 2 KK)ZGAM{KK)
34938 T 7T GAMMA (KK ) S (AGAMIK o KK ) +RGAMI Ty J KK K)S2  #AGAMIK I RK) «GGAMIT 7 do KKFRY)
49u* 1/(1.-A5AM(K.KK)toGAM(l JoKKiKY)
495% 395 CONTINUE - -
496% DHzDOP (U /2,
497N “WRITE(6:2267
49B* 226 FORWAT(lHlp///o10X-'CApACITIVE IRIS Is THE MATCHING ELEMENT*)
49ge T T WRITE(692G42) ANCRMT™ ) -
500+ 242 FORVAT(//+10%Xs*NUMBER oF INCREMENT = ¢,F4,0)
501 T - WRITE(6,270)FR{JBEG)HFRIJEND) 7 mm = m e =
- 502« 270 FORMAT(//11OXo'WATCHED BAND IS FROM *,F7,3¢' GHZs TO *»F7,3+"' GHZ,
503 PR ’ o
50u* VWRITE(6,227)WIDTH(T) )DHs ALENGH (K)
505% T 227 FORMAT(//7+410X2 Y THICKNESSS 1 9F, 4o IXe tINTCMY  10Xe *HEIGHTS v eF 4 7
S06% 1ot IN CU?910Xs *DISTANCE TOWARD THE GEN, FROM MISMATCH= ',F8.4)
507= 60 1O 999 -
506« Cttttttttt*tttttttttttttttt*ttt*ttttt##ttt*ttttttttttttt.ttttttttttt'ttt
509 R9g CONTINUE -
510% CAPDP‘(DP(J)/SQTWO)t(1 +(NIWTH(I’/(PI#DP(J)))tALOG(“.tPI'DP(J)/(E‘
511 LwIoTH(IN) ) R
512 CAPI=( (4.7 (3, tPI))thDTH(I)tDP(J):t3)tt(1 74,)
513# D0496KK=1 v LE )
S1lux C XA AND X3 ARE NORMALIZED IMPEDANCES.
S515% TXAZ(Y A/ WL IKKY YR C(A/ {PT*CAPDP) ) #42Y
516%* X8z (A/(lﬁgtWL(KK)))t((PX*CAPD/A)'*Z)
517 T T 2I=(0s=1)2xB+1,
518« 2l1=(1, /04y, /((0.1)¢XA))01./ZI))
‘S19x T 7T 7272 (0'-1)th+ZII ’ T - ’ T
520% BGAUT(1,=2T)/(1.+42T)
TB21* GGAMIT, Je KK+ K)=BGAMKCEXPTI0 IT%2+ #BETATKRY#ALENGHIK YT —
522# IF(ALENGH(K) ,GE,0¢)GGAM{I»JrKK,K)=BGAM
523% T AGAMIK KK ) =GAM(KK) 2CEXP((Or=1) %2 ¥BETA(KKY ¥ALENGH (KT
S2u# IF(ALENGH(K) JLT o0 )AGAMIK I KK)ZGAM(KK)
525% - GAMMA (KK) = (AGAMIK s KK) +GGAM(Y ¢ U, KK K)YSZ  #AGAM (K, KK YSGGAMCT y Jo KKy K ¥~ ~
526« 1/7(1 ,~AGAM(K I KK) #GGAM( I, JeKK»K))
‘85274 49g CONTINUE
_528% __ DH=DPlu)/2,
529% - "WRITE(6r405)
530 405 FORMAT(lHlo///oIOX-'INDUCTIVE ASYMMETRICAL IRIS XS THE MATCHING EL
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531x 1EMENT ) e
832 T T T WRITE(6,408) ANCRMT T R
533« 406 FORWAT(//'10X0'NUMBER OF INCREMENT = ¢,Fu,0)
TT834e T T WRITE (B 470)FRUUBEGYFFRTJEND]
535« 47n FORMAT(//»10X+ "MATCHED BAND IS FROM '+F7,3,% GHZ, 1O *¢F7,3' GHZ.
T B3pe iy
537« WRIIE(Go“07)WIDTH(1)'DHrALENGH(KJ
T538eTTTT T 407 FORMAT(//0 10Xy THICKNESS = FiFg U a1X7 Y CM Y 10Xy PHEIGHT = V3F6 4
539« LCM, r110Xs 'DISTANCE TOWARD THE GEN. FROM MISMATCH = */F8, )
T.S40e T 7T 7 GO 10 999
S541e CHER AR AC R RSk kRN ERBR RN A KR RN R Rk RACOMMONROUTPUTR RS ek k kg ki
TBu4é T S9a TONTINUEZ T
543« C MATCHING ELEMENT *SOLID INDUCTIVE POST: COMPLEX REFLECTION COEFF,
T S44s T T CT Ag A FUNCTION OF DIVENSION P~
S4be € As A FUNCTION OF DIMENSION SPACE AND FREGQuENCY,
Sues T C Op(1) 1S DEFINED TO BE THg DIAMETER OF THE POST,
Su7s C_WIDTH(I) IS DEFINED TO BE THE DISTANCE OF THE CENTER LINE oF THE POST
Sups € FROMTTHE "SIDEZwALLS
5494 D0525KK=1sLE e
S50 T T Nz2 T T T e e -
SS1s M=2 : R e e
852 XSi1Z0,q"
553 XS$5050,0
5548 S13 XI=SORT (1,7 ((N#*2T=TT2 *K/FSWL (KK T a%2§7)
5558 XS0z ((st(N.pxmeDTH(x)/A))-~2)t(XI—1-/N) ~__ R
T 5568 T T T XS00=X50+X500 T
_557s . IF(XSO,LE.,001)G0 TO 515 .
S5H& T 7T 514 N=N+1 T
550« - 60 TO0 513
T 560§ T B5I57XI= SORT(W‘tEITIW*iZT‘Y(2‘?ﬁ7FSWLtKK171tZ)l)
561 XSISC(SING2  #MAPTAWIOTH(I) /A) ) #{XI=10]),
TT562¢ 7T XSITEXSI4XSIT
S63s ABXS51=AB5(xXS1) - .
S6us T T 7 IF(ABXSI,LE,.,001)G0°TD 517 )
565 51 M=v+l -
TBees G0 T0T8{5”
_ 567% 517 CONTINUE - o e
5684« 7T SOPLIsKK)=xX50002, <2, % ((SIN(PI*WIOTHUIYZ7A T ##2)
__ 569« SIT(IiKK)IZXSIT+( 5a(1,/TAN(PI#WIDTH(I)}/A))=SIN(2,#PI*WIDTH(I)/A))
570« 7 825 CONTINUE ~~
__ 571« CT=1+/TAN(PI*WIDTH(I) /A)
572% 85211, 7SINIPISWIDTH(TIT7KY T » &2
__573« s~s~tsw(p1.wmmm/n)).-2
STus™ T 'PDOAS(PI«OP{JU)/A)xs2”
575« PDOZ{PI&DP(J)/(A%2,)) %s2 o
T BT SOPPSALOG( (4, %A/ (PT+DP (J) Y &SIN(PIAWIDTH(TYZAYY) = === === ===
577 DO526KK=1sLE e
 57a¢ T XA AND X37ARZ RORMALIZED™ TMPEDANCES: e
579« X8z (A/wl (KK))+PDOASNS )
5808 T T T UXAZXB /2, #A /{2, 4 WLIKK) ) £CS54 (SOPP+SOP (T, KK) = ((PI-DP(J)/(Z.tA))a-Z)-
581« 1(((SOPP+SOP(TIKK) I #CT-5IT(I,KK))#%2)) e
TTEH2E T T T T 21001 ) aXR 41, . T
583« 211201, /7001470000 1) 2XA) ) +1,/21)) o
TBALE T ZTE(0; 1) éxA+21T -
565« BGAMS(],=2T)/(2T+.1) e
U586 T T TBGAMIT, Uy KK oK) SBGAMKCEXP( (04 1) %24 #BETA (KK #ALENGHIK) )T T T

587« . IF(ALENGH(K).GE.o.o)sGAW(I.J.KK'K{;BGAM



GHie AGRMIX M) ZGAMIM) #CEXPL(0s=1)#2, #BETAIM) #ALENGH (X))

588% C I CORRES TO DISTANCE oF POST FRow SIDE WALL,
T589% TTTTC TU CORRES TO DIAMETER OF poST, 7T
590 C Kk CORRES TO FREQUENCY,
T 5918 €K CORRES TO DISTANCE BETWEEN MISMATCHES,
S92% AGAMIK, KK)-GM(KK):CExp((0:-1)tZ.tBETA(KK)tALENGH(K))
BG83 T T T TIF(ALENGHIK) (LT 0. 0YAGRM(KTKKYZEAMIKKY
594 % GAWWA((()-(AGAM(K'KK)oeGAM(I JoKK 1K) =2, #AGAM (K KK ) #GGAMIT o J KK, K))
B985 T T 1701, =AGAMIK  KK) #GBAM(T ;U yRK R Y™ 7777 77777 -
596% 52 CONTINUE
T597% T WRITE(6519) T T
598 519 FORVAT(1H1,///+10%,'SOLID INDUCTIVE POST IS THE MATCHING ELEMENT?)
T 595 WRITETE V526 YANCRUT
600% 520 FORMAT(//+10Xr*NUMBER OF INCREMENT = ¢,Fy,0)
T B01% T T WRITEL6,521)FRJ3EG) sFRIVEND) T
_ 60e* 521 FORV;\T(//omX.'MATCHED BAND IS FROM 'oF6 3" GHZ. o' TO ':F6~3v' 6
603 T 7 1HZ,* T
604* WRITE (6+52210P(J) +WIDTHLI) ¢ ALENGH(K)
05 T T 522 FORVMAT(//i 10Xy DIAMETER S Y F6, Ui Y CMI YT IO YSTDEWALL DISTANCE XV
606  1eFp,4er CM, 'y 10Xe*DISTANCE TowARD THE GEN, FROM MISMATCH = ¢rFg.4)
607« 7777 60 10 999 T
_60B* Cttttttttt‘tttt‘#tttttt‘t*ttt#tt‘*t#t#‘t'"tt*ttt"“t“t‘.tt""“".“
T 609s T 69g CONTINUE
610% DOp2ON=1,LE
Bl TTALPHA (O N) =PI #DPIIY/FSWL(NY
612# BETZ(JyN)SALPHA(JeN) *SQEPRM
T el3x T T T TBESOA (NI =BSSLIALPHA(JWN) Y LY
614 BESO3(JeN)=ASSLIBETE(J,N) ¢ 1)
T Bel5s T BEsI“(JvN):BSSL(ALPHA(JoN)T3) T
616 BESIB(JyN)=BSSLIBETE(J,N)»3)
THil7¢ T 629 CONTINUE ™
_ blps D0p21L=1sLE
619+« 77 N=p2 T '“—
620+ XS00=0,0
T 621% T 622 XIZSORTL,/((Nse2) =1 (2, xA/FSHL(L) V%) )) -
622* XSO=((SIN(N*PI«WIDTH(I)/A)) ##2) % (XI=1l,/N)
TB23% - TXS00=X50+XS00
624+ IF(x50,LE.,001160 TO 624
625 T 623 N= N+l oo o LT -
626% 30 10 g22
T 627 T 624 CONTINUE T T T -
628% SOP(IrL)=X50082,«2,*((SIN(PI*WIDTH(T)/A)) #*2)
629%* 621 CONTINUE 7
630 SOPPZALOG( (U, #A/ (PT+DP(J) ) &SIN(PIAWIOTH(TI /A ]
631 T 777 DOs25Msi.lE T T T
_ blex XB=(2, tA/NL(\ﬂ))t((PXtDp(J)/A)ttz)t(slN(PIthDTH(I)/A)ttz)/(((n\_PHA
633¢ T, \A)t‘2)#S‘SI‘3(J M)/BESTA{I ) MY )+ (L ZUALPHACJIMY®BESOA(UyM) S 7 7~
_63us 255513(4.w;-aErE(J,w):agsoa(J.M).BEsxA(J,w)))-2.)
635% TXAZ SuxBe A/ (2, ¥ WL (MY Y ) x (17 (SIN(PIAWIDTH(IT/AY %2 T (BESORTITMY7
636 1BESOA(JUsM) ) # (1, /(BETE(JrM)I=BESOA(JrM) «BESIB(JrM) =AL PHA(JeM) »
637+ T 28ES03UUiM) £BESTA(JIM) ) = (SOPP+SOP LI M) )Y S (ALPHA (JeM)} /8,
_ 638» YIZ1e/({0r1)axXB+1,)
639« T T T T ¥II=1,/0(0,-1) e XA)4YY T "_
__640# YT-1./((u-1)txa#1 /Y1
Thhis T BGAME({yY-L Y71 FYT)
642 GGAMIT,UrM, K)=BGAMKCEXP((0r1)%2,*BETA (M) xALENGH(K))
T ou3e "—""IF(ALENGH(K) oGEL04)GGAMITITJIMIK)I=BGAM
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645 IF(ALENGH(K) ,LTe0s)AGAMIK s MI=GAMIM)
Tehee T GAMMA (M) = LAGAMIK s MYHBEAM( TV UMK S22 KAGAMIKIMY #GEAMIT VU MeKY ) /(1 (o
6UT7s 1AGAW(K.M)-GGAW(I JiMyKy)
TeuseT T T 628 CONTINUE - o
649 WRITE(6,626)
TB650% 626 FORVATTINL,/Z777I0X: 'DIELECTRIC POST IS THE MATCHING ELEMENT!)
651 WRITE(6+627) ANCRMT
652% "7 627 FORMAT(//+10X7s 'NUMBER OF "INCREMENT = *,F4,0) °
653 WRITE(8,628)FR(JREG) »FRIJEND)
T 654 T T 628 F?RMAT(/lvloxi'MATCHED BAND IS FROM ', F7,3%" GHZ, TO *,F7,.3,' GHZ,
655% 1!
T656% TTTUWRITE(6 629) WIDTHITI DA TITy RLENGHTKY
657« 629 FORVMAT(//»10X»YOISTANCE FROM SYDEWALL = *+F6,4s1XetCM, ¢ )SX,tOIAMET
658% " T 7 LER = *,F6.4s? CM,";5X,*DISTANCE TOWARD THE GEN, FROM MISMATCH = t,
650 2F8,4) :
[-1: Y D o T2 P PPN PP PP PP PS P TR RIS IS P TS PRI TR T TP PP TE TR Y P S
661# 999 CONTINUE
YL TTUUWRITE(B, 228) T
 6b3e 228 FORMAT(//+10X¢ *RESULTANT MISMATCH®)
664% - WRITE(6+229) o
665« 229 FORMATI(//»10X» *FREGUENCY IN GHZ.'!!OX.'MAG. REFL. cOEFF.'o1oX-'sz
6b6% 1R, 10x, *MA3 ,REFLCOEFF ,DISURB /7)™ )
_bb7s D0240N=1/LE
BoBY  TAMAGSCABS{GAMMAINYY T T
669* VSWRZ(1,+AMAG) / (1.=AMAG)
670 T AMMAG=CA3S(GAM(N)) - T e
671% VSWRR=(1,+AMMAG) /(1,-AMMAG)
672« T X (M) ZVSWRR T T e
6738 WRITE(60230)FR(N) rAMAG,VSWR»AMVAG
(%2 B 230 FORMAT(10X,FB.3+15X" F10—5'IZY_FB.BOIUXoFIO.S)
675¢ 24g CONTINUE
676« 7 wWRITE(e,23y) T TUUTToTTTTTTTTT T T o
677+ 231 FORWAT(Ich///oQSXv'MATCHXNG ELEMENT'vBBXa'UNMATCHED ELEMENY )
678« ARITE(64232) T
_679% 232 FORVAT(//+10X, *FREQUENCY*»10X, *REAL REFL, COEFF,',10X,vIMAG REFL,
6au* “I{TCOEFF, v 010X, VREAL REF, COEFF,VoIOX+ ¢ IMAG, "REFL, COEFF,Ys//) " 77
681% DO24INZIILE
682+ 7 T T WRITE(6+233)FR(N) +GBAM(TWJaNGK) »GAMIN)  — =~ v T
683% 233 FORMAT(10X)FB.3+14XrF10.6¢16X1F10.6+16XsF1046215XsF10,6)
684e 7T 724y CONTINUE T
_685% C PUNCH DATA CARDS.
686% TTTDO01001N=1,[E
687+ REL (N)=REAL (GAM(N))
“688% TTYIWAG(N)ZAIMAG(GAM(NY)
6689 1003 CONTINUE :
69N "DO1003N=LPLE ~ s T CTTTTIT s e e e e e
691 REL(N)= REAL(GAMW\(N)) ‘
692* TTYIMAG(N) SATMAS (GAMUAINY) T m T e
633« 1003 CONTINUE
T694eT T T WRITE(10100W)(RELINYyN2LEWLy=Yy T T T rmeme e mee e ’
695+ WRITE(101004) (YIVAGIN) (NZLE#1s=1)
696% T100y4 FORVAT(BF10.6) CoTmT T - oo T
697+ (o PLOT COMPARISON BETWEEN UNMATCHED aND MATCHED D!STURBANCE.
698% “D03000N=1VLET T e
699+« Y{N)SFR(N)
C300% T TTUB00p CONTINUE - o= seeme s e e e - o
RBzx (1)



702% D03001N=z1sLE
703« 7T TR (X (N) (GT,RBIRBEXIN) -
704 3001 CONTINUE
T705« 7T 77 VLpND=y, o - T
706% VUBNI=RB
707 CALL PLOT(10,r=37¢=3]
706% REAL LTRSZ,LENGTH
709% T LOGICAL BOXFIXLIM,USELTIM -
710% DATA HTITLE/'FREGUENCY IN GHZ,
B 20 ¥ - S v7 .
712x% DATA VTITLE/'VOLTAGE STANDING WAVE RATI10
713% 2 L4
Tiye DO3N02NAZL, 2
Ti5e T IF(NALEQ.1)60 TO 3003 ) T
7i6e DO3nbuUNZY,LE
717 T 7777 ARzCABS(GAMMAINYY T
718 xIN)Z(14+AR) /(1 ,=AR)
“T19e T 3004 CONTINUE T
720% 3003 CONTINUE
T21* o MO;\E:l T - ” -
722+ IF (NALEQ,2)MODE=H
723» LTRSZ=,1 T - o T
T24# UPz4e5
TY25% T DVEREDL0
726% HE15HT=4,5
727+ LEN53TH=4,5 — -
728+ HLav2zy(1)
729+ T HUaND=y(LEYy  ~ 7T T
730% ICOUNT=LE
TI31e T TBOx=eTRUEL,
7324 uszLI4=,TRUE,
733 FIxtIvM=,TRUE, — 7 T
T34s NUMINT=20
735 CALL PLOTY(MODE X+ Y ICOUNTIUPS OVERsHEIGHTiLENGTHoBOXs FIXLIM USELIM "~
T36¢ 1 sNUMINT»VTITLE HTITLE,LTRSZy VLBND, VUBND o HLBNO,HUBND» PERCNT)
37T 73002 CONTINUE T T T N
738« CALL PLOT(0.,000,02999)
T 739s ENY T e

END 'OF COMPILATION: ™ """ "'NO” DIAGNOSTICS. —~ -
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APPENDIX C
DERIVATION OF THE IMPEDANCE MATCHING EQUATION

The objective of this derivation is to establish the
key equation which has been used in the impedance matching
technigue. Due to the conparison reflectometers' unique
ability to locate discontinuities in an otherwise matched
waveguide and to deternine the reflection coefficient as a
function of frequency for each disturbance; it will only bhe
necessary to deal with two distu;bances at a fime, the ori-
ginal mismatch and the matching element.

The reflection coefficient measured and calculated
in this thesis apply to the admittance Smith chart. The
following derivation also applies to the édmittance Smith

chart.

The following equations will be required:
Phase propagation constant
= A . c-1
B 2n/ g ( )
Current reflection coefficient

F1o = ITgolexplie,] (C=2)
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Current reflection coefficient generated by the disturbance
having the shunt admittance Y, where the characteristic ad-

mittance is Y
Pp = (Y=Y )/(¥+Y¥,) (c-3)
Generalized current reflection coefficient
It = Tpgexpl-32BS] = |T1glexplifglexpl-32BS] (C-4)

Given a transmission line:

— — — - A"- L - ———f T e e
Ya YO
— - -.. ot e —— - -
B A

Figure 91. Transmission Line with Disturbance

The quantity Y, is a single shunt admittance in an otherwise
uniform transmission line. The total admittance at point A
is that formed by Y, and the characteristic admittance of the

line, and is given by:



(C=5)

This admittance defines the current reflection co-

efficient I'y; at A by Equation (C-3). (C-6)
T1a = Yo/ (Yg+2Yy)
The reflection coefficient at point B is given in
terms of I'yy and L (the distance from A to B) as:
(C-7)

Trap = PIaexp[—jZBL]

Similarly, if the only disturbance in the transmission
line were a shunt admittance Yy at B, the reflection co-

efficient at point B is given by:

T1p =‘Yb/(Yb+2Yo) (c-8)

Consider now, both Y, and Y, in the transmission

line as in Figure 89.

R - —-# .
Ya
l
A

Generator &b

Side
——— .

Transmission Line Containing a Discontinuity

Figure 92,
' at Point A and Point B
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The total admittance at point A looking away from the gener-
ator is given by Equation (C-5). On the load side of Y, at

point B the admittance is given by :

Y/Yy = (y) /yot] tan BL)/[1+j(yq/yo)tan BLl .  (C-9A)

Defining normalized admittance y = ¥/Y, and vy} = Y3 /Y.,

Equation (C-9) can be expressed as:
y = (yj +j tan BL)/(1+] y, tan BL). (C-9B)

The total admittance on the generator side of point B is

given by Equation (C-10).
(Yt = Ypt(yat+l+j tan BL)/[1+j(ys+l)tan BL]. (C-10)
- Simplifying the above we have:

Yi.= Ya+¥p+1+j (Yp+¥a¥ph+1l)tan BL
1+3(Ya+1) tan BL

Substituting Y into Equation (C-3), the reflection co-
efficient as pertaining to the admittance Smith chart is

given by:
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T, = 2Y,exp(-j2BL)+y, ¥y -V, v, exp(-j2BL) +2y,

Tt (C-11)

'4+2ya+2yb+yayb—yaybeXp(4j28L)

From Equation (C-6) and (C-8), y and yb can be expressed in
a

terms of PIa and PIb'

Yy, = -2T; /(T1g-1) o (c-12)
Yy, = =2T 3/ (Tp-1) (C-13)

Substituting (C-12) and (C-13) into (C-11l) and simplifying:

Ty, exp(-328L)+T , ~2T Ty exp(-326L)

r .= = — - (c-14)
It 1 FIaFIbexp( j2BL) -

Equation (C-14) expressed the total current reflec-
tion coefficient at point B as a result of y, and y, . This
total current reflection coefficient is in terms of the re-

flection coefficient FIa and FI which are defined by

b

Equations (C-6) and (C-8) respectively, T I, and PIb‘

It’ 1Ia
are reflection coefficient referenced to the admittance
Smith chart.

Expressing PIt in the form of Equation (C-14) is

particularly compatable with the comparison reflectometer.

For example, for a positive distance L, PI corresponds to
a



the

T
Ia

the

ing

research is to reduce FI

the
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mismatch measured by the comparison reflectometer and
corresvonds to the matching element a distance L toward
generator from the mismatch. The' total mismatch result-

from this match is given bv PI The objective of this

£
€ to the lowest possible value over

handwidth of interest.
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APPENDIX D
COMPARISON REFLECTOMETER OPERATING PROCEDURE

The setup procedure is referenced to the reflec-
tometer setup of Figure 23. 1In the following paragraphs
it will be assumed that the operator has recently assembled
ﬁhe comparisoﬁ reflectometer and a complete calibration of
the system is required. .It will also be assumed that
the individual components of the system are in %ood con-
dition and meet their individual specifications.

In order to reduce 60 iz powerline ripple from inter-
fering with the 1 Kliz modulated r.f., it was found necessary
to float the comparison reflectometer above ground. This was
done by plugging all of the units into the powerline using
two-to-three prong adaptors, leaving the pig tails ungroun-
ded.

When energizing the comparison reflectometer it is
essential to turn 6n the coherent synchronizer first and then
the BWO. This prévents possible damage to the BWO helix.
Consequently, when shutting down the units the BWO should be
shut down first followed by the coherent synchronizer.

Coherent Synchronizer

The LFE iModel 244 should be set up using the follow-
ing procedure when used in the comparison reflectometer set-
up.

(1) Switch the front panel switch to multiply.
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(2) Switch the reference mode to tunable.

(3) Switch the frequency tune to fixed.

(4) Turn signal level approximately 1/4 revolution
from full on.

(5) Switch frequenéy fine tune to the 8-16 GHz
range.

(6) Switch the front panel switch to-50 MHz marker
position.

(7) Switch mode switch to. 16-32 MHz/volt oscillator
sensitivity.on back panel.

(8) Connect 25 MHz tap TPl to the input of a high
impedance scope. |

(9) Connect power line plug to powerline stabiliz-
ing transformer.

(10) Switch on power to unit.

(11) Turn phase lock error voltage to off.

(12) Allow approximately one hour to warm up.
This unit is now ready for the final operating procedure.

Type 210 Sweep Oscillator

The AIL BWO should be set up using the following
procedure when used in the comparison reflectometer setup.

(1) Insert the 8.0-12.4 GHz plugin.

(2) Push sweep select button to slow.

(3) Turn rate inner knob clockwise, sweeper will
stop after a single sweep.

(4) Outer rate knob is used for fine rate adjust.



(5) Push off button under AM.

(6) Depress blank button.

(7) Depress XTAL button.

(8) Attach output from crystal detector on direc-
tional coupler C2 to input of oscillator plugin, Figure 23.

(9) Connect 200 micro farad external capacitor to
range ext. BNC on back panel.

(10) Plug in power line connector.

(11) Depress line button and wait for the r.f.
light to go on.

(12) Switch r.f. knob on plugin to on position.

(13) Adjust level control to obtain -10 dBm
(.1 nw) power level at the output of directional coupler
C3, Figure 23.
The unit is now set up for final operating procedure.

Audio Oscillator

Set audio oécillator to 1 KHz. This can be done by
connecting the output of the audio oscillator to the input
of the Hewlett~Packard 5211A electronic counter and adjust-
ing the oscillator for a 1 KHz counter reading.

Turn the gain down on the audio oscillator and
connect its output to the bias connector of the waveguide
modulator. Connect a high impedance oscilloscope 'S input
to the crystal detector on C3, Figure 23. Increase the
audio oscillator gain until a square wave is observed on

the scope. Care must be taken not to exceed the maximum
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rating on the bias level of the modulator.

Ratio Meter

The Hewlett-Packard Model 416B ratio meter should
be set up using the following procedure when used in the
comparison reflectometer setup. The reference step should
be terminated in a matched load.

(1) Turn the error voltage gain up until a phase
lockvis registered on the level meter of the coherent synch-
ronizer. This will stabilize the frequency, and therefore,
als§ the amplitude of the reflected wave. |

(2) Connect the incident and reflected inputs to
detectors on C5 and C, respectively.

(3) Plug in ratio meter power line using adapter.

(4) Switch detector to XTAL.

(5) Switch excess incideﬁt attenuation to 10 db.

(6) Switch reference attenuator to -30 db.

(7) Switch on power to the unit.

(8) Allow unit to warm up for one hour.

(9) Adjust reference adjust for a 100% scale
reading.

(10) Measure voltage at output using the Dymec volt-
age measuring system. v

(11) Adjust output voltage, using the control on the
back panel, to 6.928 volts. This voltage is Emax.

) (12) Readjust reference adjust to center of scale.

This unit is now set up for the final operating procedure.



223

Voltage Measurement System

The Dymec model DY-552A voltage measuring and record-
ing system is comprised of the model DY-2210 voltage-to-
frequency converter, the H.P. model 5211A/B electronic
counter, the model DY-2540 scanner/coupler, and the motor-
ized tape punch. This system should be set up according to
the following procedure when used as part of the compari-
son reflectometer setup.

(1) Switch on power to voltage-to-frequency conver-
ter.

(2) Switch range switch to 10 volt.

(3) Connecf output of ratio meter to input of volt-
age-to-frequency converter.

(4) Connect output of voltage-to-frequency converter
to input of electronic counter.

(5) Make proper zero adjustment and calibrate volt-
age-to-frequency converter.

(6) Switch on powef to electronic counter.

(7) Turn sample rate to the hold pésition.

(8) Turn sensitivity half way.

(9) Switch function switch to frequency/second posi-
tion.

(10) switch on power to scanner/coupler.

(11) Switch start switch to automatic.

(12) Switch decay switch on back of panel to fast.

(13) switch back panel switch to tape. .
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(14) Plug in push button to remote reset according
to the diagram on back panel of electronic counter.

(15) Switch on tape punch.
This unit is now set up and ready for the system final oper-
ating procedure.

Coherent Synchronizer Spectrum Test

If a reliable phase lock is to be made at 50 MHz
intervals, the coherent synchronizer must be in good oper-
ating condition. It is important that the spectrum be
relatively flat and that all phase lock points be achievable.
This is checked by tapping the 25 MHz signal from the 25 MHz
amplifier and dispiaying it on a high.impedance oscilloscope.
A representation of the varactor spectrum can be then ob-
served by sweeping the leveled RF input of the BWO and
observing the IF signal on an oscilloscope. A small wire
was replaced in the coakial varactor mount, shorting the
center post to the grounded outer conductor. The distri-
butive inductance and capaéitance of this wire serves to im-
pedance match the varactor to the varactor mount.

The coherent synchronizers RF input was initially
connected to the directional coupler by a type N adapter
and a type N cable to the type N connector of the coherent
synchronizer. It was experimentally determined that the
frequency response of the cable interferred with the opera-
tion of the varactor. A solid type N coaxial line re-

placed the cable, and the varactor spectrum was then
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adjusted so as to provide a flat harmonic spectrum from
8.0 GHz to 12.4 GHz. These adjustments allow phase lock
points from 7.975 GHz to 12.425 GHz.

Adjust the lock range to zero on the front panel of
the coherent synchronizer. Depress the fast bugton on the
AIL BWO sweeper and turn the sweep knob to the clockwise
position for repetitive sweep. Use the sweep output of
the swept oscillator to trigger the oscilloscope and depress
the blanking button on the sweep oscillator plugin.

Adjust the oscilloscopes' time sweep until one full
sweep of the BWO fits within the scope, Figure 93, What is
actually seen is the level of the 25 MHz signal as the RrrF
to the input of the coherent synchronizer is swept. There-
fore, the characteristics of the bandpass of the I.F. amp-

lifier is reproduced every time the BWO frequency is within

v

Figure 93. Display Showing the I.F. Band Pass as the RF
Input is Swept
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25 MHz of a varactor harmonic, Figure 25. The level con-
trol on the front panel of the coherent synchronizer should
be adjusted to achieve as much gain as possible and yet to
keep the noise level down. This can easily be done, since
there is a point where increasing the gain increases the
noise level sharply. The varactor should be adjusted such
that the amplitudé level of the peaks of the response of
Figure 90 are relatively constant. Since this adjustment
for the model 244 is a tedious one of trial and error, it
is suggested that as much care as possible be taken with this
instrument.

System Operating Procedure. With all individual in-

struments operating according to the previously discussed
procedures, the system is now ready to be set up for measure-
ments.

(1) Depress the slow button on the sweep oscillator.

(2) Turn the rate inner knob clockwise, to single
sweep and stop position.

(3) 'Turn outer knob half way.

(4) Aattach the test element to the comparison re-
flectometer as in Figure 23.

(5) Depress sweep button on sweep oscillator.

(6) While oscillator is in the process of a slow
sweep, monitor the meter on the ratio meter and adjust re-
ference control to ensure that the needle remains in the

range of the meter scale. Steps 5 and 6 may need repeating
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so that in a»single sweep, without changing controls, the
needle swings symmetrically on the scale.

(7) Reduce the sweep rate such that it takes approx-
imately 15 minutes to sweep the band one time. This time
can be reduced as the operator gains experience with the
equipment.

(8) Set the oscilloscope to internal trigger and set
the sweep rate to maximum. Adjust the scope gain such that
the 25 MHz wave will half fill the screen when a phase lock
has occured. This can be done by turning the lock range to
maximum. When the scope adjustment has been made return
the lock range to zero.

(9) Adjustment of the lock range determines the
phase lock duration. During the phase lock duratinn a mea-
surement is taken with a normally closed push button. On
the particular model 224 used in this research the control
was set approximately 1/64 inch above the zero volt line.
This setting is best made after working with the control
while making a swéep.

(10) Depress the front panel start button. This
starts the slow sweep. As the frequency increases the wave-
form will increase on the oscilloscope and the level on the
level meter will increase. When a phase lock is made the
phase of the sine wave on the oscilloscope will change
~phase by 180° and will remain very stable in amplitude and

phase. The level meter will jump as the phase is locked
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and remain at that level. The phase meter on the coher-
ent synchronizer which is an indication of the error volt-
age on the helix of the BWO, will begin to move, as the
internal sweep attempts to change the BWO frequency. At
this time a measurement is taken by depressing the hand
held push button, Figure 23. When the error voltage is at
its maximun setting and can no longer hold the BWO, the
phase lock is broken. The phase meter centers, the level
drops to zero and the sine wave disappears from thé scope.
The BWO jumps to a higher frequency and continues to- in-
crease slowly until again phase locked automatically. This
is done 89 times and gives one set of measurements.

The second set of measurements is taken with the re-
ference step terminated in the matched load, Figure 23. The
procedure is the same as that described in the above para-
graphs. It is important not to change any adjustment on
the ratiometer or measuring equipment during the two sets
of measurements, since the two will be compared during the
calculations (III;31).

When measurements are completed, the information on
the tapes is punched on data cards by a tape to card con-
verter. These data cards are then used as data in the re-

flectometer computer programs, Appendix B.
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