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ABSTRACT

MICROWAVE OSCILLATOR
SIMULATION
By

Michael John Schnars

A new technique of analysis of the waveguide-coaxial
IMPATT diode oscillator is presented. The circuit is
modeled as sections of transmission line with shunt admit-
tance elements representing the circuit tuning screws and
coupling apertures.

The circuit models are used as elements of ABCD matri-
ces and the circuit analysis is performed by computer. The
computer program provides data lists of the circuit variable
values, plots, or a complete statistical analysis of the
circuit data. The program was written to allow easy modifi-
cation of the models used, the circuit structure, or
variation of a single circuit parameter.

The program also allows circuit losses to be varied,
and mismatches at the load or stabilizing resistor can be

varied to determine their effect on circuit performance.
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INTRODUCTION

The use of an IMPATT diode as a microwave power source
requires considerable design ingenuity to ensure that the
oscillator is stable and that spurious oscillations cannot
occur as a result of reflections from either the D.C. bias
filter or output mismatches. To aid in the design analysis,
a new computer simulation of the oscillator has been deve-
loped. Rather than modeling the circuit as lumped elements
as was previously done, (Ref., 10, 11, 12, 13), the circuit
is modeled using ABCD parameters, with each element of the
circuit modeled as one ABCD matrix. This allows great
flexibility in the choice of models for each element of the
circuit, from sections of transmission line, to data values
obtained from experimental measurement of the circuit ele-
ment, The circuit used for the oscillator is a general
single~tuned, waveguide-coaxial circuit sometimes called a
Kurokawa-type resonator (Ref., 14)., The IMPATT diode is
biased into reverse avalanche breakdown, and because of the
transit time of the charge carriers through the diode, it
acts as a negative resistance, which, in an appropriate cir-
cuit, will cause oscillation to occur. The configuration of
the circuit is easily changeable to allow comparison of dif-
ferent designs. The circuit parameters (radius, etc.) can
be changed over a wide range of values, or lossy materials
can be introduced into the circuit to see the effect on the
overall circuit performance. The simulation is performed at

v



vi

20 frequencies over the range of 17.7-19.7 GHZ. The program
calculates the circuit efficiency, the cavity Q's, relative
load power, input admittance, reflection coefficient, and
the frequency derivative of the susceptive part of the input
admittance (susceptance slope). The program can provide
plots of these variables, or lists of their data points over
the frequency range, or analyze the data points and provide
mean value, standard deviation, and several other measures
of the central tendency and variability of the distributions
of the circuit variables,

Work of this type is urgently needed to aid in efforts
to develop power combiners using 4 or 6 IMPATT diodes. An
accurate model of each individual oscillator is required to
allow predictions of the response of each oscillator as its
load admittance is changed as they are combined, and from
variations in the IMPATT diodes from different production

runs,




Benefits and Limitations of Modeling

The major benefits of computer modeling of the diode
and resonant structure come from the speed of execution of
the program. Analyzing the circuit by hand calculations can
take several hours at each frequency. The program provides
a convenient method to analyze a new design, or to compare
several different designs by simply changing the appropriate
ABCD matrix., The program can also be used to analyze and
improve existing design. 1If, for example, lower noise is
required, the information on the movement of the device line
(Appendix 6) can be used to improve the device angle for
lower noise. 1In this complex circuit, varying a single
parameter may affect several different aspects of the cir-
cuit., For example, increasing the coupling aperture (dj;)
increases the input admittance and magnitude of the reflec-
tion coefficient but decreases the cavity Q, Qo. LTl (the
tuning screw waveguide length), however, can be used to
increase Qo so as to compensate for the actions of d;.

These type of trade-offs are easily viewed, using the
results of the computer simulation.

The graphs generated by the program can also be used
to find when 'loops' will form in the reflection coefficient
locus (indicating possible instabilities in the operating
point) while tuning the device. The effect of losses on

circuit performance can be predicted and compared to



experimental results. This could be used to determine if
plating the inside of the resonant cavity to increase the
'Q' is worth the extra expense.

Also, since the program can be used to determine what
the optimum value and variation of the device impedance
should be, it would be possible to change the package of the
IMPATT diode to match the impedance the circuit can present
when the stabilizing loss is small,

The model of the oscillator has several inherent
assumptions and limitations. In order for the analysis to
be meaningful, the assumption that the evanescent fields of
obstacles do not interact must be made, and over moding in
the cavity due to the quartz rod is not included.

The circuit is assumed to be reciprocal, and all
restrictions on variable range indicated in the section on

the ABCD models must be met.,



Computer Program Format

The program is written in Fortran 4 and is 2000 lines
long. Fortran was chosen because this provides compati-
bility with other computer installatioﬁs, and allowed usage
of the CalCom plot routines. Also, the large number of
external and intrinsic functions, and the array manipulation
commands of Fortran make this language a natural choice.

This program was written to help in the design and ana-
lysis process of microwave oscillators. Shown in Appendix 1,
Figures 1 and 2 are side and top views of the specific
oscillator circuit chosen for simulation and the names of
the circuit parameters. Figure 3 shows an equivalent cir-
cuit of the oscillator and indicates the circuit sections
the models represent. The planes shown in Figure 3 and
listed in Table 1 partition the equivalent circuit into
cells, each of which is represented by one ABCD matrix. The
circuit is analyzed by starting at the load and finding the
admittance looking toward the load at each successive plane
until the admittance the IMPATT diode would see at plane 1
is found. Then, by assuming the diode acts as a l-volt
source at plane 1, the voltage and current is found at each
plane out to the 1load.

The analysis is then repeated at each frequency
desired. Except for the model used for the quartz rod, the

program can be run at any frequency desired, using any



increment size between frequencies (up to 20 frequencies per
run total). The currently used model for the quartz rod,
however, restricts the program to 17.7-19.7 GHZ and 0.1 GHzZ
step sizes. This is because the model for the quartz rod
was determined from experimental data, and the data was
taken at these points. The program is set up so that by
changing the value of a flag variable from '0' to 'l' at the
start of the program, any desired combination and number of
parameters can be used each run, and any combination of the
possible types of outputs can be selected. Appendix 1,
Table 2 lists the variables used in controlling the program
actions, and Appendix 2 lists the arrays used in the program
and typical values of the circuit parameters.

To use the program, the parameters to be varied are
first selected (for example, the length of the 1/4 wave
transformer, and the cavity height). The program will
analyze the effect of the variation of each parameter
separately. Next, the range of the variables are chosen.,
The variables can have any value, with up to 10 increments
of any size in each run., The type of output desired is
selected next., For initial runs, outputting only the data
indicates the variation of the distribution of the circuit
variables values, gives good indications of trends, is very
cheap, and avoids the large amount of data that would be
generated if the actual value of the load power, etc., were

output at each frequency for each value of each variable,



After initial runs, the points of maximum effectiveness of
each variable can be determined, and the range narrowed to
the region of interest. For final runs, data lists and

graphs with multiple curves can be output for complete ana-
lysis. The program description is contained in Appendix 8,
and Appendix 11 has the program listing which indicates in

the symbolic reference map what the program variables names

mean,



ABCD Matrix Models

The ABCD or 'cascade' parameters were chosen because in
the analysis of the circuit, the input voltages and currents
are transferred through each circuit model to find the out-
put voltages and currents, and the input admittance to each
model is also easily found with these parameters. In addi-
tion, the ABCD parameters provide ease of the modification
of the model of each element, and (under the reciprocity
assumption) the inverse of the 2 x 2 matrix is easily calcu-
lated - providing great computational advantage in this
case. Also, the ABCD parameters allow easy incorporation of
the frequency variation of the models used for the admit-
tance elements,

The ABCD models used for the computer simulation are
shown in Appendix 3, Table 3. These were developed from
Reference 17. Table 4 shows the ABCD elements used for each
section of the model. Figure 4 shows the voltages and
currents defined for the ABCD model.

For the circuit model, a total of 18 ABCD matrices were
required. Of these, 7 are admittance models and 11 are sec-
tions of transmission line.

For the development of the model, the load was set to
the value of the characteristic admittance of the output
waveguide - i.e., we consider no mis-match at the load for

simplicity. One may include these reflections if desired.



The model used for the metallic tuning screws is a

T-pad of impedences Ref. (1) (Fig. 5). The corresponding
21 B = Z) Z2 + 22 23 + 21 23

ABCD elements are A =1 +

Z3 Z3
'/ Z
C = —1 D=1+ 2 e In our case, Zy = - jX5 and
Z3 Z3
Z9 = 27 and 23 = - jXp. Then the elements B and D become

2
B=—21" 4 Zy and D = 1 + Z3/23. The reactances X, and Xp
23

are defined as Xz = Zo' (1.55 x 1073t) and Xp = 25'(3.9525/t)
where t is the depth of the tuning screw, and can vary from
0 to 0.12 inch. The values of the constants were determined
from the graphs of experimental data in Ref.(1l).

With this model, the tuning screws are used to tune for
maximum power. Two metallic capacitive tuning screws are
used so the one closest to the iris (at a distance of Ag/8)
will act as a capacitor in parallel with the iris. The
second screw (at a distance of Ag/4) will act as an inductor
in parallel with the iris. Since the iris is modeled as an
inductance (Ref. 2), the first tuning screw effectively
increases the iris diameter, and the second effectively
decreases the iris diameter. The elements of the iris ABCD
matrix are: A =D =1, B=0 and C = - jBj where
By = 3ab A = Yo (d3 is the iris diameter and a and b are
the waveguide dimensions). This model is valid in the wave-
length range 2a > A> a and for the diameter of the iris

<K A/m .
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The model of the quartz rod was determined directly
from (unpublished) experimental data measured at Bell labs.
It can be shown (Appendix 4) that the data can be used to
directly generate the ABCD model. The elements are

= = = = _ =20 in
A=D= 1, B =0, C = Yq where Yg = where pin

1+ pin

is the reflection coefficient measured experimentally. We
assume only TEjg (Hjg mode and guide cutoff is 14.1 GHZ,

The coupling between the air dielectic coaxial line and
the resonant cavity (through the oblong aperture) is modeled
by a T7m-pad (Ref. 3). The elements of the pad (Fig. 6,
Appendix 3) are defined as By = Yo P/(2 korzzln(rZ/rl)) and

dyd
—3IEt &Y

(1 - (dp/d))2 )2,

Bp = (Yo Xorzzln(rz/rl))/M where P

dy3 T € 9
24 (F(e) - E(ey) and ¢

and M =

F( €) and E( € ) are complete elliptic integrals of the
first and second kind, respectively. From an analysis of M
and P (Ref. 4), these functions can be represented over the
range of interest by a straight-line approximation, which is
used by our model. This model is valid for d; << A, and for
the wavelength range for which only the principal mode can
be propagated in the coaxial guide and only the Hjgp mode in
the rectangular guide. It is also assumed the curvature of
the coax containing the aperture has negligible effect, and
the coax outer wall is assumed to have zero thickness.

The step discontinuity (Fig. 7, Appendix 3) in the

coaxial radius is modeled as a capacitance (Ref. 5). The



if
9,95 x 1012

defining equation is Y gtep where f is the

frequency in H,. This is valid over the entire range of
radii of interest.

The remainder of the sections of the oscillator are
modeled as sections of transmission line, The ABCD elements
are A = cosh (YL), B = sinh (YL)/ Yor,r C = Ygr, sinh (yL)
and D = cosh (YL) where Yy = o+ jB and L and Y, are the
length and characteristic admittance of the line in question.
The values of a and B are different in the air dielectric
coax, the teflon dielectric coax, and the waveguide. The
specific equations used in each case are recorded in
Appendix 5. The method used in determining the admittance

in the waveguide is covered in Appendix 5.



Circuit Analysis

The analysis of the circuit is easily effected using
the ABCD parameters as previously described. Starting at
the load, the input admittance to each section is found by

using Yjp = g Iig;%gt% . This is then combined with the

load admittance of the next section (if any). This is the
new load admittance of the next section, and the next input
admittance is then found as described above. The circuit is
reduced in this fashion from plane 18 to 9, and from 19 to 7
so the circuit is reduced into the coupling pad (Fig. 8,
Appendix 3). The input admittance of the coupling pad is

(¥in6719 - B,)(¥;,9718 - jB,)
(¥in6=19 - 3By + ¥5,9718 - jBp)

then found as Yjp - jB3.

Then the reduction down to the diode is performed by
finding the input admittance to each section using the ABCD
parameters., As the circuit is reduced, the input admittance
at each plane is stored in an array, and the reflection
coefficient at each plane is calculated using

Yin = Y1
= and the value is saved. After the
pin Yin + YoL

above reduction is performed at each desired frequency, an
array of 20 values (one for each fréquency) is obtained for
the input admittance and reflection coefficient as seen by
the diode and can be an output (the values of the admittance
and reflection coefficient at each plane can also be an

output). At the diode plane, once the input admittance is

10
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known, we use a l-volt generator to represent the diode. The

current is then calculated using I = Yj,V; (V] = 1 volt) and
the input power is Pjp = 14 RE (V3I*;). The next step in the

analysis is to find the voltage and current at each plane
using [¥%] = [8 ‘;;I[X%J (as defined in Fig. 4, Appendix 3).
The voltage and currents are found from plane 1 to 5 (the
coupling pad). At this point a new ABCD matrix is defined.
Since we are not interested in the voltages and currents in
the stabilizing load, we define a matrix to transfer the

voltages and currents from plane 5 to plane 9 (Fig. 9,

Appendix 3). A=14+ - JBE B = 1 ]
Ystab — JBa ! Ygtab — JBa
C =- jBy - jBp + ( = 3Ba)( = ?Bb) and D = 1+ - 183. .
( Ygtab = JBa) (Ystab = JBa)

The remaining voltages and currents out to the load can now
be found using the remaining ABCD matrices. At the load,
the power is found as Py, = 1A RE (VigI*;g) and the circuit
efficiency is found as ncke = §§ﬁ——. The voltage and
current at each plane is saved, and can be an output.

Since all circuit variables are now known, we can
calculate a 'secondary' set of variables., First, by
defining the values of admittance the diode needs to work
into (the device window) as 0.93 5_| pI | £ 0,985 and
-35° < pl < - 45° (based on experimental work), we can
find the angle of intersection between the device line

(assumed radial) and the locus of the input admittance.

This angle is the device angle, and the points of the input
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admittance contained in the device window is the "effective
bandwidth" of the circuit. The program also determines the
frequency which is nearest the device window, if none are in
it. (A complete analysis of the device angle is contained
in Appendix 6.) Since the circuit input admittance is

known, we can find the input susceptance slope using

Yin = Gjn *+ J Bjpn so that the susceptance slope = 3B /3y -
A
Also, the cavity Q's are Qp = o and also
2RE (Yjp)
= .—-QL——_ and = ( 1 - 1 )-l
Cex nckt Co oL T Oex

At this point, the circuit has been completely charac-
terized. All values of all variables at each point in the
circuit are known. However, since 33 circuit parameters can
be varied in 10 increments each run, and analyzed at 20 fre-
quencies for each value of each increment of each variable,
it is easy to generate massive amounts of data. To facili-
tate the analysis of the data, the program provides one
final aid to analysis. For each of the variables of major
interest (efficiency, load power, input admittance, magni-
tude of reflection coefficient, angle of reflection coef-
ficient, susceptance slope, Qrr Qpr and Qgyx), the program
analysis distribution variability. The program considers
each parameter being varied separately, and uses the first
value of the parameter as a reference point. Then, for each
increment of the parameter, the program calculates the mean
values, standard deviation, number of points larger than the

reference, the average value of increase of the points

—py——
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larger than the reference, the number of points less than
the reference, the average value standard deviation, and
mean value of decrease of the points less than the
reference. The program also determines which increment of
the parameter has the largest value, and which has the
smallest value over the frequency range, and the frequency
at which they occur. (The information on the smallest
values can be used, for example, to decrease the complex
part of the load power if the load is mismatched.) For each
of these statistical values, the program can either print
them directly or compare them and print which increment has
the best value, the percent increase over the reference, the
value of the circuit parameter at that increment and the
best value itself, 1If, for example, the depth of a tuning
screw is being varied, then the program can analyze the cir-
cuit and tell what value of the tuning screw (if any) gave
the largest increase in the mean value of the efficiency
(for example), the percent increase, and what the largest
value of the mean was, and which increment of the tuning
screw gave it (Table 12, Appendix 9). Since only four num-
bers are output (for each statistical variable -- mean,
standard deviation, etc., and each circuit variable -~ effi-
ciency, load power, etc.), two pages of data provides all
information of interest from ten increments of a variable.
Thus, every parameter in the circuit can be varied and only
70 pages of data are generated, and it is not necessary to

know every value of the circuit variables at every frequency
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to analyze the circuit. This is of great aid when trying to
increase the mean value of the load power, for example,
since four numbers indicate which value of the variable gave
the best results. Also, the design trade-offs are imme-
diately obvious since the statistical information indicates

whether the efficiency (for example) was affected or not.



Data Analysis

Since the program was designed to allow optimization of
the circuit for a particular application (i.e., maximum
bandwidth, or efficiency, etc.) or to compare several dif-
ferent circuit designs, no 'best' values for the circuit
parameters can be given., However, by analyzing the data
generated by the program over typical ranges of the parame-
ters, it is possible to determine the effect each of the
parameters has on the circuit.

In order to see general trends, Appendix 7 contains
(for the lossless case) tables that indicate the effect of
each circuit parameter on the circuit performance. The mean
and standard deviation were chosen as examples, although
similar tables could be made for each statistical variable.
Appendix 7, Table 5 shows the range over which the parame-
ters were varied, and the corresponding circuit variable
over which they had the largest effect on its mean value.
Table 8 shows the standard deviation of the circuit variable
each parameter has the largest effect upon. Here the para-
meter range is constant. It should be noted, for different
ranges of the parameters, the variable of maximum effect,
and the magnitude of the effect, may change. Table 6 shows
which variables each circuit parameter can effect a change

in the mean value of at least 0.1% or greater. Table 7

15
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shows which variables each circuit parameter effects the
standard deviation by 0.1% or greater. Again, the specific
variables affected may vary with range; these tables are
provided only as an example. ‘

From Tables 6 and 7, several interesting effects can be
noted. The only circuit parameter that affects the mean
value of every variable is the quartz rod. The only circuit
parameters that affect the standard deviation of every
variable are the quartz rod, and the cavity width (b). From
Table 8 we note the effects of TSl and TS2 are complementary
- they invidually tune different aspects of the circuit, as
expected., 1In this circuit, a major source of the loss of
power (inefficiency) is loss in the stabilizing load. From
Tables 6 and 7, the effect of adding a band stop filter can
be seen in the variance of power and efficiency with the
changes in the length of the filter (LF) and impedance of
the filter (2¢). The reason for the many different types of
statistical data made available from this program is more
obvious upon examination of Tables 5-8. A particular para-
meter may increase only the mean, or the standard deviation,
or the largest maximum value, etc., and depending on the
type of ‘curve shaping' that is required for the specific
application, the effect of any single parameter could be
lost if only one type of statistical analysis was used.

A feel for the general response of the oscillator can
be obtained from the graphs in Appendix 10, Figures 12-27,

Figure 12 shows the reflection coefficient as the 1/4 wave
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transformer varies 4 thousandths of an inch., The reflection
coefficient locus pivots about one point (18.35 GHZ) and
expands outward., Figure 13 shows a similar response from
varying r1; by 4 thousandths, except the point of rotation
has moved up in frequency causing the afea of maximum change
of reflection coefficient to move up in frequency also.
Figure 14 shows the effect of varying the iris (dj;) from
eliptical to circular. This has a large effect on the low
frequency values of the reflection coefficient., The effects
of reflections from the stabilizing load can be seen in
Figure 15 where Ygiap (Yg) varies from 0.6 to 0.0 mmhos.

The value of Ygtap in the other plots is matched to Y,
which is normally 20 mmhos. The variation of load power
(with load matched to output waveguide at all frequencies),
caused by varying r; 4 thousandths is shown in Figure 16.
The point of maximum power moves down in frequency and the
curve becomes more peaked. Figure 17 shows (as the cavity
height (a) varies 4 thousands) how the point of maximum
power moves up in frequency and the curve becomes more
peaked. Figures 18 and 19 show the variation of the imagi-
nary part of the input admittance as the air dielectric tip
length (Ly) and the quartz rod depth (Q rod) are changed.

Ly has its largest éffect at the ends of the frequency
range, and the quartz rod changes the maximum value of the
curve. The curves tend to remain constant over the upper
part of the frequency range. Figures 20 and 21 show the

effect of Ly and the quartz rod on the real part of the
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input admittance., Ly affects the ends and upper portion
of the curve, and the quartz rod shifts the point of maximum
value and spreads the curve out. The curve tends to
its highest values at the upper frequencies, and has less
variation in this region. The variation in the efficiency
with changes in the cavity height and iris is shown in
Figures 22 and 23. The movement and increase of the maximum
value occur as the coupling of the output load changes with
the iris diameter, and a changes the resonant frequency of
the cavity. At higher frequencies, where the real part of
the input admittance is largest, the efficiency drops off
rapidly and approaches a constant value. Coupling to the
output is decreasing, and more power is being lost in Yg¢ap-
In Figures 24 and 25, Qp, is seen to drop to a constant value
at the higher frequencies, and responds to the quartz rod
more than the air dielectric tip. Increasing Q; at the
higher frequencies will increase the efficiency and the
bandwidth also. Figures 26 and 27 show the input susceptance
slope vs, efficiency with the largest changes at the lowest

and highest efficiencies, as expected.



Validity of Modeling

The verification of the results of this program come
from several sources. The actual values calculated by the
program were compared to values calculated by hand using the
defining equations to determine if there were any errors in
implementing the equations in the computer model. More
importantly, the response of the circuit as predicted by the
computer model is identical to the response of actual cir-
cuits that were constructed and their performance measured
at Bell Labs by Dr. J. Freeman. Also, the computer model
behaves 'logically' -- if the stabilizing load is open-
circuited and there is no loss in the ciruit, the efficiency
becomes 100% because all power input to the circuit goes to

the 1load.
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Future Enhancements

There are several enhancements that may be added to the
program to aid in analysis. To prevent an unstable config-
uration, it would be desirable to have the program perform
sensitivity calculations, perhaps by varying each parameter
a small amount and checking the change in the outputs. Also,
a small noise generator could be added to the diode generator
to see its effect. Another area for further work would be
to consider this program as a subprogram to a master control
program. Then it would be possible to sequence the
variables one at a time, then two at a time, etc., and try
all orders of all combinations, and try combining several
oscillator models., Due to the amount of computer time this
would require and the costs involved, this would almost have
to be done under a grant. The use of the Textronix graphics
terminals to view the plots would be a great aid in this.

It would also be possible to have the program analyze its
own data, and return a set of circuit parameters that would
optimize (for example) the mean value of the circuit effi-
ciency. Another area for further investigation would be
further refinements in the ABCD parameter models. It may be
possible to use a rectangular aperture for the coupling bet-
ween the coaxial line and resonant cavity to improve the
bandwidth, for example. To incorporate nonlinear effects,

piece-wise linear models could be used. Another possibility

20
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is to incorporate more experimental data into the ABCD
models. This would be particularly useful in the ranges

where models are not available.



Summary

A new computer model for analyzing microwave oscillator
circuits has been presented. This model provides an extre-
mely accurate simulation of the frequency response of the
actual circuits. Since it is extremely easy to analyze the
circuit using computer simulation, this model should be
invaluable in the design and optimization of microwave cir-
cuits. The capabilities of the circuit have been covered
and some of the results from the program have been pre-
sented. Since the program is written in Fortran, it can be

easily used at any computer installation.
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APPENDIX 1

CIRCUIT AND CONTROL VARIABLES
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Figure 1: Side View
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2r, coax tip inner diameter

2rf coax tip outer diameter
cavity height

b* +tuning screw height

b'* output height

BRF band reject filter

d, coupling pad height

3 cavity iris diameter
Lf’ dielectric length
Lenoke BRF length

Lp cavity to BRF length
L, step cap. to cavity
Lg BRF to Y_ length

Ly air tip Yength

¥Y;, output load

Yg stabilizing load

TS1 tuning screw 1

TS2 tuning screw 2

of Oscillator

2rqy coax inner diameter
2rp coax outer diameter
a cavity width

a' tuning screw width
a'’' output width

dy coupling pad width
L3 TS2 to Y length

Lec cavity length

LT1 iris to TS1 length
LT2 TS1 to TS2 length

Q R2d quartz rod

Figure 2: Top View of Oscillator
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TABLE 1

PLANES USED FOR CIRCUIT DIVISION

Physical Location

Plane of diode

Edge of transformer (in air)
At capacitive step (in teflon)
Above step (in air)

At physical bottom of cavity

Physically at center line of cavity, electri-
cally at plane of coupling pad

Top of cavity to bottom of band reject filter
Band reject filter

Outside of coax to quartz rod waveguide end
Quartz rod

Quartz rod to iris waveguide end

Iris

Iris to TS1 waveguide end

Tuning screw #1

TS1 to TS2 waveguide end

Tuning screw #2

TS2 to Y; waveguide end

Y;, plane
Ys plane




IW(1)=0
IW(2)=0
IW(3)=0
IW(4)=0
IW(5)=1

IW(6)=1

IW(7)=1

IwW(8)=1

IW(9)=1

IW(1l0)=1

Iw(1ll1l)=0

IW(12)=0

IW(13)=0

IW(14)=0

IW(15)=0

Al
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TABLE 2
PROGRAM CONTROL VARIABLES

Print Control Vvariables

No losses in circuit, Print no losses
No band reject filter, Print no BRF
No tuning screw 1, Print no TSl

No tuning screw 2, Print no TS2

Print values of frequency, variable value, quartz
rod reactance, B array, YE array, BE array, and
all ABCD parameters at each frequency, for each
value of variable., See Table 9, Appendix 9.

Print plane number, current value of variable, Y
array, YN array, V array, C array, at each plane,
for each variable value. See Table 10,

Appendix 9,

Print RCM and RCA arrays at each plane, for each
variable value., See Table 10, Appendix 9.

Print plane number, EA, CMAG, CANG, and PL arrays
at each plane, for each variable value. See
Table 10, Appendix 9.

Print plane number, YC and PC array at each
plane, for each variable value. See Table 10,
Appendix 9.

Print plane number, SSA, QL arrays at each
plane, for each variable value. See Table 10,
Appendix 9.

Plot input reflection coefficient on polar axis.
See Figure 12, Appendix 10.

Plot real part of input admittance vs. frequency.
See Figure 16, Appendix 10.

Plot imaginary part of input admittance vs, fre-
quency. See Figure 18, Appendix 10,

Plot real part of load power vs, frequency. See
Figure 20, Appendix 10.

Plot efficiency vs. frequency.
Appendix 10,

See Figure 22,
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TABLE 2 (cont‘'d)
IW(16)=0 Plot QL vs., frequency. See Figure 24, Appendix 10.

IW(17)=0 Plot susceptance slope vs. frequency. See
Figure 26, Appendix 10.

IW(18)=1 Print all statistical values for all variables at
each frequency, for each variable value., See
Table 11, Appendix 9.

IW(19)=1 Print array IEXT with statistical outputs or
plots (for each identification). See Table 11,
Appendix 9,

IW(20)=1 Print best values of statistical data. See
Table 12, Appendix 9.

Run Control Variables

Values of NA array elements to vary that parameter (order is
determined by location in NA array).

NA NA NA
Value Variable Value Variable Value Variable

1 Lx 13 a 25 Ac
2 LTR 14 b 26 AW
3 Lo 15 r] 27 a'
4 Lp 16 r, 28 b
5 Zc 17 ry 29 a”
6 LTy 18 ry 30 b"
7 LTy 19 d; 31 ORL depth
8 LT3 20 d2 32 Ygtab
9 Lg 21 d,y 33 Yy,

10 Lc 22 (er)¥2

11 TS1 23 o A

12 TS2 24 a D




APPENDIX 2
PROGRAM ARRAYS

Length Arrays and Typical Vvalues

Typical
Array Value Array Typical
Element Variable (inches) Element Variable Value
s(1) Ly .015 D(1) a .42
s(2) LTR .115 D(2) b .17
s(3) Lo .010 D(3) r .032
S(4) HC/2 .085 D(4) ro .0735
S(5) Lp .073 D(5) r3 .0315
S(6) LC/2 .225 D(6) ra .05
s(7) LT1 A g'/8(0.119)| D(7) d; .26
s(8) LT2 A g'/4(0,239)| D(8) d, .16
s(9) LT3 .1 D(9) d; .145
s(10) Lg .1 D(10) P 1
S(11) Lchoke A ©/4(0.158) | D(11) M 1
s(12) TS1 .05 D(12) a' <42
S(13) TS2 .05 D(13) b' .17
S(14) ORL 1 TURN D(14) a” 42
D(15) b" .17
D(16) A 1
D(17) A cav 1
D(18) Arg 1
D(19) (e Y2 1.435
D(20) A"g 1

Note: Variables set to "one" (except QRL) are evaluated
elsewhere in the program,

29



A2

30 p2

Variable Arrays
Array Variable Array Variable Array Variable
G(1) (vya)Lx YE(1) Yod B(1) Ystep
G(2)  (yTR) LTR YE(2) Yot B(2) Zc
G(3)  (yTRr) LTR YE(3) Yot B(3) Y,
G(4) (Ya) Lo YE(4) Yo B(4) -3By
G(5) (Y) HC/2 YE(5) Yo B(5) 2
G(6) (Ya) HC/2 YE(6) Yo B(6) Z3
G(7) (Ya) Lp YE(7) Yo B(7) z;"
G(8) (Ya) L YE(8) Yo B(8) z24"
G(9) (ve) LC/2 YE(9) Yo' B(9) vp,
G(10)  (Yg) LC/2 YE(10) Yo' B(10) Ystab
G(11)  (yg) LC/2 YE(11l) Yo' B(11) -jB,
G(12)  (vey rey2 YE(12) Yo' B(12)  -jBb
G(13) (ng') LT1 YE(13) Yo"
G(14)  (vwgey 71 YE(14) Yo"
G(15)  (yug') LT2 YE(15) Yo"
G(16) (Ywg') LT2 YE(16) Yo"
G(17)  (ywg") LT3 YE(17) Yo"
G(18) (va) Ls YE(18) Yo
AT(1) Cair BE(1) Bair
AT(2) odie BE(2) Bgie
AT(3) Ochoke BE(3) Bchoke
AT(4) dcavity | BE(4) Beav
AT(5) g BE(5) Bug
AT(6) *"wg BE(6) B"wg




Elements
Variables

Mean
S.D.

Xp
Xsum/Xp
Xm
Largest
Freq. largest
Smallest
Freq. smallest
-AV

Device angle
close

Freq.

Freq. close 40
$ | BW |

18.7

# BW

Mean

S.D.

Xp

Xsum/Xp

Xm

Largest

Freqg. largest
Smallest
Freq. smallest

-AV

.95

1
Eff

31

SV Array Utilization

2 3
R.PWR Yip
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X

4 5 6
MRFL ARFL Yj,
(slope)

x X

X X

X X

X X

X X

X X

X X

X X

X X

X X

X X

X X

X X

X X

X X

X X
X
X
X
X
X
X
X
X
X
X



APPENDIX 3
TABLE 3

ABCD MATRIX MODELS

T-Pad A=14+ 21/23
B = (2, 29 + 2223 + 2123)/23
C =1/23

D=1+ 22/23

Pi-Pad A= Y2/Y3
B =1/Y3
C = (Y)Y + Yo¥Y3 + Y1Y3)/Y3

D =1+ Yp¥Y3

Series Element A=1
B =12
c=0
D=1

Shunt Element A =1
B =20
C=Y
D=1

Thru Connection A =1

=0
cC=0
D=1
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Transmission Line

Input Admittance

Input Current
Reflection
Coefficient

Zero Length
Attenutator

p

>

X O 0O w

A3
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TABLE 3 (cont'd.)
cosh YL

(sinh YL)/Y,
Yosinh YL

cosh YL

C + (D)(Yr)
A + (B)(YL)

Yin = Yy,
Yin + YL

(10X + 107X) 12
2o/(10% - 107X) 12
(10X - 107X) /22
(10X + 10-%) 2

o /20
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ABCD Matrix Equations

Array
Element
Section Name ABCD Elements Defining Equations
A(l, X) A) = cosh Yajrly Yair = %air * Bair
Air dielectric By = (sinh yai,Ly)/Yop
coax tip
Cl = YODsinh Yaier YOD = (6011’1(!‘2/!‘3))-%
Dy = cosh vy 5Ly
A(2,X) Ap = cosh Y rLy YTR = orr + BTR
Teflon By = (sinh YogrLy)/Yor yOoT =yo/( € r)1/2
dielectric
coax line Cy = Ygrsinh Y Rl
Dy = cosh ggly Yor =er/(601ln(ry/rj3))
A(3,X) A3 =1 Yseep = £/9.95 x 1012
step B3 =0
discontinuity C3 = Ygtep
D3 =1
A(4,X) A4 = cosh Yairlo
air coax Bg = (sinh v,i,Lo) /Yo
Cq = Yosinh y,4pL,
Dg = cosh yajrLo
A(5,X) As = 1 - jbb/(Ygrap - IBa)
coupling pad Bg = (Ygeap = JB3)°
Cs = =3By = jBp = BaBp/(Ygeap — 3B,)
Ds = jBa/(Ygtap — JBa)
A(6,X) Ag = cosh YairHC/z
Top of Bg = (sinh y_;
P 6 airHC/2) /vy
. . . HC /2
cavity Cg = Yosinhy ailr

Dg = cosh YairHC/Z
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TABLE 4, continued

Array
Element
Section Name

35

ABCD Elements

A3
p4

Defining Equations

A(7,X) A9
Cavity By
to BRF C
D7
A(8,X) Ag
BRF Bg
Cs
Dg
A(9,X) Ag
Coupling Pad Bg
to Quartz Rod Co
Do
A(10,X) Ajo
B1o
Cio0
D10
A(11,X) A1y
Quartz Rod By
to Iris C1a
Dn
A(12,X) A2
Iris B12
C12

cosh y5irLF

= (sinh yai, Lf)/Y¥,
= Y,sinhvair Lp

= cosh yair Lp

=1

Z
=0

=1

= cosh Y o5y Lo/2

cosh Ycav Lc/2

1

"
o

Yq
1

(sinh Y cay Le/2) Yo'

Yo' sinh Y 5, Lo/2

L./2

Lp = (Xo/4 - Heya)

Zc = Zchoke tanh Y1lghoke
o/4

2 x 10’6neper/mil
Bchoke = 2™/1o
Zchoke = ©

= cav *t

lchoke =

ochoke =

cav cav

oY ot ﬂrzzln(rZ/rl)

Y
° (ab Awg)

1 4T ;n

= cosh Y.,y Lo/2

= (coshy cav Le/2) /Yo"
= Y5'coshY .,y

= cosh Y5y Lo/2

=1

=0

= jB,

=1



TABLE 4, continued

Array
Element

Section Name

ABCD Elements

36

Defi

A3
p5

ning Equations

A(13,X)
Iris

to TS2

A(14,X)

TS1

A(15,X)
TS1 to

TS2

A(16,X)

TS2

A(17,X)
TS2 to

Yr,

A(18,X)

BRF to

Ystab

Aj3
B13
C13
D13
Alq
B1g
Cia
D14
Als
Bis
Cis
D35
Ale
Bie
Cie
D16
A7

B17

D37

Alg
Big

D1sg

cosh Y wg LT,
(sinh yyuq LT;)/Y,"
cosh yyg LT}

1 + 21/24 zy =

(ZlZZ + 2223 + 2123)/23

1/23 Xa
1 + 22/24 Xp

cosh Yyg LT

(sinh yyg LT3)/¥,"
Y, "sinh Ywg LT2
cosh yug LT

1+ 21/24

(2925 + 2523 + 2723)/23
1/24

1+ 22/24

cosh yyq LT3
(sinh y yq LT3)/Y,"
Y5"sinh y 4 LT3
cosh y g4 LT3

cosh v 5ir Lg

sinh vy 3i, Lg
Yosinh v 5ir Lg

cosh v 5ir Lg

Zy = -3X,
Z3 = -jiXp
Zo" (1.55x1073¢y")

Zo" (3.9525/t1")
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Iy —> —> I Vi A B V2
+ —© + I, lc b I,
vy V2
O -

Figure 4: ABCD Voltages and Currents

A=1421/2; B=(2,2,42323%2123)/2y C=1/23 D=142,/2,
21==3Xg 2,72, 23=-JX, X,=24(1.55x107%t)
Xp=24(3.9525/t)

Figure 5: Tuning Screw Model
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to Y
o f*%m o
-3By © Y P
Ba'2>\or221n(r2/r1)
Yvorzzln(rz/rl)
_D Bb._
-jBa to M
diode P=dld22ﬂ/24
O- OF 7.1 4 3
M=(( 9 )(— 0.2)d1 /6
dj

Figure 6: Coupling Pad Model

-14
jYg ¥,=10.05£x10

Figure 7: Step Capacitor Model
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6=-19
Y; 6-19 9-18
in . .
(Yin -JBa)(Yin -JBa)
Yin™ 819, 9-18 . -JBq
+_' -iB, J(Yi" ~1Ba*Yin =iBy)
9-18
"ij Yin
'jBa ]
o) Yinf o)
Figure 8: Coupling Pad Inward Reduction Model
o Ystab~IBy o Is I
+ + O— |—O
+ A B
[:> Yé| ¢cp (V9 *
Vg |[=J3q -3y | Vg
o— —

Figure 9:

Coupling Pad Outward Reduction Model



APPENDIX 4

Quartz Rod Analysis

In order to obtain a model for a quartz rod in a rec-
tangular waveguide (Fig. 10A), we will consider the quartz
rod as a variable admittance. We need then to determine

(Fig. 10B) Yq, where Yq = Ggq + jBqg

P

and Gq is greater than zero, [ :;”’_ o T 'e)
but Bq could have either sign. Figure A ¢

q
From Fig. 10C we note that o T °
if we know Tjn, and Y, is Figure B
the characteristic admittance G 1 -

r,
of the waveguide, > ¥ Y,
Iinp —>
then O - | I
Figure C

Figure 10: OQuartz Rod Model

- 1 - Tin

e 35 rrs l - Tin
Yin * T+ Tin and Yjp = Yq + 1 so Yq + 1 = ¥z

1l + Tin

or Yq = %—E——%%% -1-= —:%—;L%%ﬁ. By using T in = pZ¢

and T in = T real + T imag. wherelreal = P cos ¢

-2 Yo (pcos ¢ + j psind)
1 +(pcos o+ Jpsing¢)

and T imag. = 0 sin ¢ so Yq =

This is the expression used in the program for Yq. The
values for p and ¢ of the input reflection coefficient were
obtained from experimental data taken at Bell labs by Dr. J.

Freeman, The waveguide was terminated in its characteristic

40
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admittance and the input reflection coefficient was measured
at 20 frequencies from 17.7 to 19.7 GHZ in 0.1 GHZ steps;
this was done for 16 turns of the quartz rod, from zero to
full penetration. These data values are stored in an array
and the proper set of reflection coefficient values are cho-

sen depending on the depth of quartz rod chosen by the user.



APPENDIX 5

Attenuation, Phase Factor and Impedence Equations

For the attentuation in the air dielectric co-axial line

-8
we use (Ref, 6) oaair = 2.7 x 10 (f)LQ(1+r2/r1)/(r2 l1n(ry/ry)

neper/mil, For r; = 32 mil, and rp = 73,5 mil., at 18.7 GHZ

= 1,99 x 1645%%295. For losses in the teflon trans-

Cair

former we must add the dielectric loss to the conductor

€ )yé

mil,) tan$

loss. The dielectric loss is 0gje = 3.145

ﬁ%%gE where tand$ is the loss tangent (Ref. 7). Experimentally

tand = 0.0028 at 3 GHZ, and tanS§ = 0,0053 at 25 GHZ, for

our program we use tan § = 0,005, Then

agie = 1.57 x 182 (e ,)1/2/ neper

mil. At 18.7 GHZ,

addije = 3.57 x 105 neper/mil., and the losses in the
transformer are:
Ctot = Oajr * Odje = 23.486 x 10-5neper/mil. For

losses in the cavity the unloaded quality factor is given

ng ~ 2“;&%%—2- , and using 4550 as the

value for Qo and L = 450 mil., gives

by (Ref. 8) Qg =

Cegy = 1.76 x 10-6 neper/mil,
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The phase factor in the air-dielectric coax is given by

Bair = 2 T7/Ao. The phase factor in the waveguide is given

by Bc = 2 ﬂ/’kg where lg is the guide wavelength

Ag = A/ (1 - (Ag;)Z)LQ and a is the guide width.

The phase factor in the teflon transformer is give by

2 7

BT = AT

where A1 = 3o/( e pr)lp,
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Method of Impedence Determination

In the coaxial line the absolute value of the admit-
tance is known as Yo = (601n(r,/ry))~l, To find the admit-

tance in the waveguide, we relate it to the admittance of

_ Y5 24 nr921n(ry/ry)

. This is
A gab

the coax by (Ref. 3) Y,'

consistent with the model used for the coupling pad. This

2 Yo 2
ab A

can be written in the form Y, ' = (2 7 ry21n(

ry
)).
g r1

The classical expression (Ref, 8, Ref, 13) for the admit-

tance of a waveguide is Yo" = —X%%4L——-. This is done by

Ag
choosing the voltage equal to the line integral of the
electric field. 1If two waveguides of different sizes are

joined, the admittance will transfer as

YO" Yoa_ A Yoa' A ab' A g
Y;T_ = —igfxa —7ET‘TT5 = a'b Ag . However, by

choosing the constant of proportionality equal to a/2

between the voltage and line integral of the electric field

the admittance becomes Y," = —%%ﬁrl—— which is the form we

use, The admittance between two waveguides then transfers

YD“ ZYO )\/ 2Yn = a'b' ) 'A
as o' ab 1q a7 b’ A' ab 1 g g as in Ref. 16

and the program,
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APPENDIX 6

Device-Circuit Angle

Under steady state oscillation, the IMPATT diode will
have a current flowing through it that is a periodic
function of time at the frequency of oscillation. Because
of the high Q of the cavity, we assume its filtering action
will keep the harmonic components of the current small. The
current is then gi&en by i(t) = A cos (wt + ¢ ) + (small
harmonic components =~ O) where A is the amplitude and ¢ is
the phase of the fundamental component. The corresponding

device voltage V4 (t) may have in-phase components given by

-R(A)A cos ( wt + ¢ ) and out-phase components give by
X(A)A sin( wt + ¢). In addition to the fundamental com-
ponents, the device voltage may contain harmonic components
which may not be small. The device voltage is

Vd(t) = RE(

Z(A)Aexplj(wt +6)1), 4+ (harmonic components)

where Z (A) R(A) - JX(A) and - Z(A) is called the device

impedence. Because we are tuning to the fundamental com-
ponents of the current and assume small harmonics, the
device impedence is a function of A only. The circuit impe-
dence as seen by the diode is Z(w) = R(w) + jX(w). The
voltage developed across this impedence due to i(t) is

Ve(t) = RE ( Z(w)Aexp[j(w t + ¢)]) 4+ (harmonic components).
Depending on the magnitude of R(nw) and X (nw), the harmonic

components of Vs(t) may not be small. For free-running
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oscillators, the sum of Vo(t) and V4q(t) must equal to zero
since no external voltage is applied: Vg (t) + vg(t) = 0.
Substituting for vV (t) and V4(t), multiplying by cos (wt +¢)
and sin (wt +¢), and integrating over one r.f. cycle, we have
[R(w) - R(A)]JA = 0 and [X(w) + X(A)]A = 0 or, equivalently,
[2(w) = Z(A)]I = 0 where I = Aexp[j(“t +¢)] .,  This indicates
the condition for steady state free oscillation: 2z(w) = Z(A).
By plotting Z(w) and Z(A) on the same graph, a plot similar
to Fig. 11A is obtained. The intersection z(w)
of the Z(A) and Z(w) locus give the X %

amplitude and frequency of

- q '
oscillation. The Z(A) locus Z(A)
is called the device line and >R
Figure A ‘
the 2(w) locus is called the
impedence locus. 1f, for a Figure 11: Device Angle

given frequency, the value on the device line is known, then
the required value of the impedence locus for oscillation at
that frequency can be determined. This is basically how the
program determines the bandwidth of the oscillator. By
knowing (from measurements) the device line for a specific
packaged IMPATT is at 0.95[1-40° for oscillation at 18.7
GHZ, the program finds the points on the impedence locus
which will allow oscillation., By allowing both A and ¢ to
be slowing varying functions of time, it can be shown (Ref,
9) the condition for the intersection between the device

line and impedence locus to represent a stable operating
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point is Ao: az;A°)= = 3§£w°)| sin 6 >0 where 0 is

defined in Fig. A. In other words, the intersecting angle
measured clockwise from the device line to the impedence
locus must be less than 180° for stable operation. The
program determines this angle as follows: A straight line
is defined through the two points on the impedence locus

closest to the desired point on the device line as shown in

4

Fig. 11B. Using the x? Z(w)

: . _b(wy) = b(wy)
angles in Fig. B, tanvy “g(w2) - alwy)

since 9 = m-y then y = 7 - 6 and tanV¥ = tan (7-8) )
or tan ¥ = -tan®so 6 = tan~l (b(wz) - b(wl)) —> R

gly2) = alwy) Figure B

Figure 11:
It can also be shown (Ref. 10) that the Device Angle
power spectrum of the amplitude fluctuation is given by
w |e(f)|

| 6a () | 2 = 5 e ) xCo)

- w - w

w %’J) +(sR(A9) %% 2 . R(Ao) EIN) )

where s is the saturation factor of the negative resistance

=A___ 3R(Ag)
and is given by s = ﬁ(Ao) 3 A and r is the satura-

tion factor of the device reactance and is given by

A, 3X(A,)
r = The power spectrum of
R(A,) 2A )

the frequency fluctuation of the oscillator is
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When the intersecting angle between the device line and the

- BX(wo) _ BR(wo)
impedence locus becomes sharp, SR(Ag) ~a— -rR(Ap)

in the denominators of the power spectrum of the amplitude
and frequency flucutations becomes small since it is propor-
tional to the sine of the intersecting angle. Then, the low
frequency components of both the amplitudue and frequency
fluctuations become large. The oscillator becomes noisy as
the intersecting angle approaches 0° or 180°. The desired
angle then is 90°, The program finds the frequency where
the device angle is closest to 90° to aid in attempts at

noise reduction.
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VARIABLE EFFECTS
TABLE 5
Variables That Parameter has Dominant Effect On (Mean Value)

Affected Circuit Variablev(in percent)

Para- Range
meter Eff P Yjnr Yini MR AR RS QO Q5 Qg (in inches)
Lx 1.6 «17-.1716
LTR 5

LO 3 .01-0.116
LF 6 -1-.14

2¢ 3 .01-4,01
LTl .8 011-0126
LT2 6.0 015—.19
QRod 359 0-4

Ls .204-,2808
Le .18-.212
TS1 52 .05-.25

a 3 .41-.418
r, 2.5 .0695-0731
ri 15.39 .0335-,0351
ry 18 .054-,078
dl 12 02-.28

dz 07 .155-.159
iris 11.43 «149-,158
er 2.3 1.44-1.456
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TABLE 6

Variable That Parameter Effects by at Least 0.1% (Mean Value)

Para-

meter Eff P Yiny Yini MR AR RS Op 0Oy Qg
Lx X X X X X X
LTR X X X X
LO X X X X
LF X X X X X X X X
Zc X X p 4 x

LT1 X X X
LT2 X

QRod X X X X X X X X X X
Ls

Lc

TS1 X X

TS 2 X X X
a X X X

b X X X X X X X X
ry x X X p 4 X x

ro X X X p 4
r3 p X X X x X X
ry p 4 X

d; X X X

dsp X X

iris(d3) x x X

er X X X X X X
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TABLE 7

Variable That Parameter Effects by at Least 0.1% (Standard
Deviation)

Para-

meter Eff P Yijnr Yjnpi MR AR RS QO Q5 Qg
Lx X X X X X X
LTR X X X
LO X X X X X X

LF X X X P X X X x

Zc x X X X X X X X

LTy X X X X X X X X

LT, X p 4 X X X X x X
QRod X X X X X X X X X X
Ls

Lc

TS1 X X

TS?2 X X X X X X X

a X X

b X X X X X X X X p 4 X
r] X x X x X X X X x

ra2

rj X p p 4
ry X X X X p 4 X

d; X x

d2

iris(d3) x x

er X X X X X
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TABLE 8

Variable That Parameter Has Dominant Effect On (Standard

Deviation)

Para-
meter

Lx
LTR
LO

LF

L |
ra2
r3

ry

dp
iris

Er

2,02
.4
5
6
3.1
.99
6
565
32
10
9
11
14,6
4.7
97
357
6.9
.638 77



Line #
1
2-12
12-14
15-17
18-165

166-167
168-169
170-171
172-173
174

175-183

189
191-195

196-230
231-242

243
244

245
246-250
251-252
253-255
256-728

Appendix 8

PROGRAM DESCRIPTION

Specify input and output devices

Dimension arrays

Specify complex variables

Define functions used in Program - cosh, sinh

and U (reduction function)

Fill RHOL and PHIL with all quartz rod magnitude
and angle values

Fill D array with default values

Fill S array with default values

Fill ISTAT with character variables to print with
statistical values

Fill MEXT with blanks - if losses, Q0 Rod, BRF, TS1,
TS2 are removed later, array is changed

Fill ISTAY with values to print with best statistical
values

Fill IDASH array with characters to separate
statistical values

Fill IEXT with run identification number
Initiatlize NA, IW, W arrays (W is no longer used
elsewhere in program)

Choose variables to run and order by setting values
of NA ARRAY; 999 terminals run

Choose waits, plots, writes, and losses, O Rod, BRF,
TS1l, TS2

Initialize loop counter (one loop per variable)

Top of loop for each new parameter; kv = current
parameter #

Set default value of choke impedence

Remove losses, BRF, TS1, TS2, add in Q Rod

Check if done

Find desired parameter and go initialize it

These lines contain the identification and range
variables for each parameter. The ones used for
every parameter are:

CV = current value of parameter;

VI = variable increment;

IBCE = name of variable to print;

IC = length of variable name (up to 16);

IBCD = variable name with equal sign for plotting
with dashed lines

IL = length of IBCD (up to 16)

LN = number of times to increment CV (can have any

value up to 10 since is decremented and checked to
zero)

CVs = starting value of parameter (for printing)
CVF = default stop value (for printing)

IN = number of decimal places to print on plots

53
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FV = value to reset parameter to after all done
LK, NR = copies of loop number (LN)

In addition, LC, LF, 2C Set IBPF to 1 (to flag band stop
filler in use)

TS1, LTl sets ITSA to 1 flag tuning screw 1 being used
TS2, LT2 sets ITSB to 1 flag tuning screw 2 being used

AA,

AD,

AC, AW sets ITEN to 1

Q Rod turn 19 - turn 0 (no zero array index)

729-732
733
734

737-738
739

740-714
742

743-745
746-814

815
816-819

820-827
828-830
831-836
837-845

846-851
852-869

870-899

900-922
923-928

Set losses, tuning screws and band stop filter flags

if required for all parameters (i.e., IW = 1) or

flag set during initialization (i.e., ITEN = 1)

Save copy of CVF

Set values of attenuation for air, dielectric,

cavity, waveguide

Set constant Pi

Top of frequency loop for each increment of a para-

meter

Reset loop frequency counter (LF) and starting fre-

quency (F)

Top of loop for each frequency increment

Jump to set value of parameter being varied

Depending on which parameter is being varied, one

variable is set equal to CV each increment of CV.

Lines 807 and 808 are example of how the O Rod

(for example) can have non-sequential (random)

steps and be removed on last increment.

Store frequencies run in printing array

Calculate circuit values that have size or frequency

dependence

Find Q Rod turn desired ( = JJ). Fill RHO and PHI

with magnitude and angle values for that turn from

RHOL and PHIL; convert PHI to radians

Calculate waveguide wavelengths

Calculate attentuation used with each of the 6 dif-

ferent phase factors

If no losses desired, reset attenuation array to

zero

Calculate the 6 different phase factors

Calculate characteristic admittance for each of the

18 ABCD matrices

Calculate the 7 admittances that shunt

transmission line sections. Lines 890-893 checks

that we don't set Y,
v “stab, y " or Y, if they are

being varied.

Calculate gamma ( +j ) for each of the 18 ABCD

matrices

Pretend all ABCD's are transmission lines and ini-

tialize them
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929-977

978-993

994-995
996-1016

1017-1020
1021-1029

1030-1038

1039-1042
1043-1055

1056-1075

1076-1086
1087-1090

1091-1105
1106-1132
1133-1163

1064-1245

1165
1166

1167-1174
1175-1180

1181-1186
1187-1191
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Properly initialize ABCD matrices of shunt elements
and tuning screws, etc., and remove BPF, Q Rod, and
TS1l, TS2 if not desired

Calculations of input admittance, done in three
sections: Yy to coupling pad, Ygtap to coupling
pad, coupling pad to diode. Y, (Y(18)) must be
initialized (line 978). 1Indexes J and K are
reversed because we are counting down. Lines

987 and 988 are coupling pad reduction.

Find input current from diode

Find volatage and current at each plane. Lines
1005-1010 are coupling pad outward reduction.
Normalize input admittance.

Find reflection coefficient at each plane and con-
vert to polar. Check real part of rectangular
reflection coefficient to avoid dividing by zero.
If zero, set angle = 999,99,

All calculations for this frequency interval are
done. Writes are now performed of variables that
will change with frequency. As with all writes
in this program, a check of the flag array IW is
performed to determine if the write is desired or
not.

Increment loop count and frequency value and
check if done.

All calculations for this increment of this para-
meter are done. Writes (if desired) are now per-
formed for the variables over the entire
frequency range.

Now calculate load power and efficiency and input
reflection coefficient for each value of fre-
gquency (these all have 20 values -~ one for each
frequency)

Calculate Qr, RSA, Qg, Qy - these have 19 values
since they depend on frequency differences.
Increment variables and loop if more increments
desired.

Take l1lst values of arrays for plotting.

Write rest of data for parameter.

Initialize arrays and variables for statistical
analysis. Values set to 1000 are beyond possible
values (so find smallest).

20 point variables statistical analysis.

Set up for mean.

Set up for standard deviation (temporary
storage).

Find # pts. larger and smaller than reference and
their average value.

Value closest to .95 (mag. rfl. coeff.)

Value closest to -40 (angle rfl. coeff.)

Device window magnitude.
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1192-1196
1197-1207
1208
1209
1210
1211
1212
1312
1214
1215-1216
1216-1218
1219-1220
1221
1222
1223
1224-1226
1227-1233
1234
1235-1240
1241
1242
1243
1246-1321

1322-1329

1330
1333-1336
1338-1340
1341-1142

1343
1344-1349
1350-1358

1359-1365
1366-1376

1377-1385
1386-1391
1392-1452

1453-1465
1466-1593
1494-2073

1594-1595
1596
1597
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Device window angle.

Largest and smallest value over parameter range.
Find SD

Find mean.

# greater.

# less.

Check to avoid division by zero.

+ average

Jump to avoid resetting.

If zero divisor set + average to zero.

Locate largest and smallest.

Bandwidth

Carry over

Avoid zero divisor

Average

Set to zero if divisor = 0

Device angle

Largest value

Change zero to reference #.

Frequency of largest

Value of smallest

Frequency of smallest

19 point statistical values using same format and
variables as 20 point analysis described above.
Initialize for finding best values of statistical
variables - VAKP = Varaible values; PKEP = best %;
AKEP = best value; IKEP = increment # of best
value.

Count from 1 not 0.

Initialize variables beyond range.

Skip for reflection coefficient.

Find largest statistical value.

Save largest as reference.

Largest valid data.

Find value furthest (less) from reference (not
largest of small)

Find smallest S.D.

Smallest average value of # of points less than
reference (skip if reference)

Translate numbers if reference is best value.
Get rid of non valid numbers.

Find best statistical values for 19 point arrays,
same format and variables as described above for
20 point arrays.

Write circuit configuration if desired.
Statistical writes (if desired).

These are the plotting routines. All follow the
same format so only one is described in detail.
Check of plot desired.

Set buffer size

Set plot limit



Line #

1598
1599-1602
1603-1606
1607-1626

1627-1629
1630-1643

1644-1655

1656-1670

1594-1670
1671-1737
1738-1804
1805-1871
1872-1938
1939-2006
2007-2073
2074-2076
2077-2141

2142-2144
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Set new origin

Write titles

Draw lines under titles

Write no losses, etc., depending on circuit con-
figuration. If one title is missing, others will
automatically move up.

Write run # if desired.

Write variable name with equal sign, value of
variable and draw dashed line to that curve
(twice).

Draws circle, plots angle values and marks. Other
routines draw axis after PLIMIT routine and call
scale to scale plot values to fit on graph.
Plotting routines that plot multiple curves on
same graph,

Reflection coefficient plot.

Y real vs, Freq.

Y mag vs. Freq.

Real pwr vs, freq.

Eff vs. freq.

Qr, Vs. freq.

SS vs. freq.

Find variable just run,

Reset variable (any special run specific conditions
(losses) etc. can be reset now)

Increment counter check if done, if not, loop.



APPENDIX 9

°0  00e39620L°~ 10=3¢C612° °0 20+36220¢° °0 °0 00¢3962¢8°~
°C 00+30GoviI°- 20-35v2356° °0 £0+308201° °0 °0 00+30SvoI°~
*0 10e30000t° °0 °0 ‘0 ] *0 t0e+30000T°
°0 00e33001¢° 20=3¥19L9° °0 20+3895v6° °0 °0 00+38041¢°
°G 10+30000%° °0 °0 °0 °0 °0 t0e30000T°
*0 00e38SSLL° 20-356609° °0 20+395969° °0 °0 00+38GSLL°
°0 10e300007° 00+386801°~ °0 °0 °0 °0 10+300001°
°0 Co0e3vT082° 20=364206° 0 €0+38020t° °0 *0 00e+3v1082°
*0 t0e3)0001° 40-3CT08¢°~ £0-38L65T° °0 ] °0 10+300001°
°0 00e3v7092° 20-364206° °0 €0+380201° °0 *0 00+3v1082°
°0 t0e300001° he °0 °0 °0 °0 t0+300001°
°0 00¢305995° 10-364988T1° °0 20+362948° °0 ®0 00+305886°
°0 09+318289° 10-30904LT° °0 20+38621€° °0 *0 00+310289°
°0 00+318289° 10-309041° °c 20+39821¢€° °0 °0 00+318209°
0 0043¥9v66° Z0=32v102® 0 T0e38LZ V0 °0 ®0 00+3v9v66°
°9 10+300001° Z0=-360LLT"° °0 °0 °0 °0 toe300001°
°0 10-38t112°~ 10-326L85° °0 20+36659T° °0 °0 t0-38tTTIZ°~
°0 00+360066° 20-319¢2¢° ‘0 T0+3T48LE° ‘0 °0 00+340066°
XI¥iVNW alav
T0+396C6TLE® T0+39¢C6TLG® 10+394£6TLS°
10+30009tve6° 20+321909¢T° T0+300091¢6°
36
T0-31€0GCC2® 20-341£6296° 20-3L1C6296°
20-3LTLST96° 20-3L1£6296° 20-3LTLCTI6°
20~-3S40¥006° 0=-3Sv0¢0v6° 20=-35S40¢006°
20=3Sv00006° 10=31¢0GECC® 10-31€05€CC2®
T0-31£0GCE2” 10-31€06¢E2° to-31c06EC2®
T0=-3L40SL8G° T0=3Lv¥CLES® 10-3€£0024€°
3A
T0-30T0€L28°~ ‘0 20=-32¢€tT08E°~ °0 °0 T0-3tC06ECT°
°0 20-341€6296° v0e3LlTL2TI28~ °0 10+3€897508°~ °0
s0+3€C0CELE - °0 T0+304CTLLT - ‘0 00439546801 °~ *0
$0=3E6TT080°- £0-32LLL68T° 10=3T1T49928°~ ‘0 20=-3v680LL1T° °0
]
Zo0-36T26162° ¢0-38¢CEBEL - = 1H 10-3000005T° = AN TTe30000448° 4

sonTep Jojoweded

6 @1qel

58



51911E-02
+4T103E~-02
+41856E-02
«35843E~02
¢29780E-02
25529E-02
032536E=02
«89608E-02
«29880E-01
«43888E-01
«34627€=-01
«26617€=01
«21850E-01
#18935€=-01
«17020£-01
«15677E-01
¢14683E~01
e13923E-01
e13324£-01
¢12834E-01

LP
v

«10482E£-01
©11493€-01
«12776E-01
014497E-01
016914E-01
«20613E-01
026607E=01
©36516E-01
+41399E-01
«19049E-01
«46110E=02
¢16440E-02
«1599%5€=-02
021805E=02
©28245€E=-02
«34452E-02
«40091E-02
e45148€-02
+49657€-02
«53846E-02

RCM

+8298227E+00
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TABLE 10

VARIABLE VALUES

«96571E-01

«87620E£-01
«77864E-01
«66679E-01
¢55400£-01
«47492E-01
«60527€~-01
©1667CE+00
«55586E+00
eB81646E+00
«64417€+00
+49517€£+00
«4064T7€£+00

«35225€+00
316635400
¢29163E£+00
«2731SE+00
«25990E+00
«24T7BTE*D
023876E+00

RCA

cv
YN

«19500E+00
«21380E+00
«23767E+00
©26968E+00
©31464E+00
«38347E+00
«49497E+00
«67931E+00
oTTO14E+00
+35438£+00
«85780E£-01
¢30583E-01
029756E-01
«40563E-01
«52545€-01
«64091£-01
«T4582E-01
«83989E-01
«92377€-01
«10017€+00

01577366E+03

|

+8454214E+00
«8627548E+00
+8829892E+00
«9040424E400
«9205038E+00
+9073269E+00
«T963427E+00
«5121023E+00
©2156410E+00
©2223133E+00
¢3381919€+00
e8224344E+00
«4797371€+00
«S5201444E+00
«5499921E+00
«5729190€E+00
5910126E+00
«6056015E+00
«6178009E+00

©13556910E+03
¢1531127€+03
¢1496949E+03
«1449763E+03
*1379636E+03
¢1271973E+03
«1106029€+03
«9363€69E+02
¢1063414E€+03
©1634397E€«C3
¢1753615€+03
©1759180E+03
e1746985E+03
«1733178E+03
©1719894E+03
«17078885+03
01697168E+03
¢1687642E+03
21678805E+03

¢1500000E-01

=e22820E+01
~e21683E+01
=e2C424E+02
=¢19300E+01
=e17359E+01
=e15370E+01
=e13005E+01
=e10218E+01
=e75659€+20
=e62605C+00
=eT4259E+00
=e10197€+91
=e12903€+01
=e14776E+01
=e15889E+01
=e16486E+01
“e16761E+01
=e16837E01
«e16793E+91
=e166T4E+01

v

~e52152E+00
=+42028€+00
-e32687E00
=+23930E400
~e16425E+00
=e10978E+00
=+99971E-01
=e17332E+00
=e38773£460
=« 75161E+00
=+113155401
=+13329E+01
=e13469E001
~+126445401
~e11561£401
=+10489€+01
=+95260E+00
=+86898E+00

=eT79718E+0C
=eT3451E«00

=e63797E-02
=e52824E-02
=e43736E-02
=e33411E-02
=e23R89E=02
=e16609E-02
=e15715E-02
=e28271E=-02
=e65%SSE=02
=e13158E-01
=e20493€E-01
=e24950E-01
=e26037E-01
-e25222E~01
=e23779E-01
-e22231E-01
=e2CT791E~-01
=e19519€-01
=e18417E-01
=e17445E-01
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c

=e26628E-01
=e26898F=-01
=e27461E~01
=e28401€-01
= e29R35€E=01
=+31963E~-01
=e34928E~01
=¢38865E~01
=e42907€=-01
=e44913€-01
=¢82606E~01
=e37154E-01
=e31494E-01
=e27164E=01
~e24165E-01
~e22123E~01
=e20707€~-01
=e¢19700E-01
=e18961E-01
=e18405€-01
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APPENDIX 10
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Figure 12; Reflection Coefficient as LTR Varlies
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Pigure 13: Reflection Coefficient as ry Varies



A10
67 p3

REFL. COEFF.

AS D1 VARIES

NO LOSSES

NO BRF
NO TS1

NO TS2

RUN1.SETI

D1 = 0.200

180 |

Figure 144 Reflection Coefficient as d; Varies
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