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ABSTRACT

The coupling between two loaded rectangular waveguides opening in an
infinite conducting ground plane has been investigated. The slots are equal
in size and placed so as to have the broadsides parallel. The analysis is
made in two steps:

i) the coupling between the apertures is derived;

ii) the effect of the backing cavities on the coupling is determined.
The reaction concept, a form of the "variational technique", was used in the
analysis. This method helped to simplify the mathematical work and provided
very reasonable results.

Substantial experimental work on the behavior of coupling versus frequency
and coupling versus slot separation was performed. In order to simplify the
experimental investigation the standard empty X-band waveguide (0. 9''x0. 4'")
was filled with dielectric loading of Emerson and Cuming Stycast Hi-K dielectric
material. Materials having dielectric constants of 5,7, 11 and 15 were used.
Most of the measurements for the loaded case were in the S-band range of
frequency (2.6 - 3.95 GHz). The choices of the S-band frequency range and the
dielectric constant were made to permit use of the anechoic chamber in the
first instance with reasonable accuracy and small waveguide in the second
instance.

An extensive comparison of coupling for the case of standard waveguides
with and without loading has been made and explanations are given for the ob-
served differences. An iteration procedure has been used to determine the
effect of the electromagnetic interaction between the slots.

Detailed computer programs were developed for the analytical expressions.
Numerical results for many important cases were then oblained. Meihods and

results can readily be extended fo other frequencies and other slot sizes.
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PREFATORY MATERIAL

Section 0.1 : Introduction

This report covers the work to date on a task devoted to the utilization of
loaded slot antenna elements in arrays. The objective of the task has been to
develop the advantages and criteria for the use of physically small slot antenna
elements in a 300 MHz array. It was recognized early that one of the chief ad-
vantages of such an array would be the possibility of reduced interaction be-
tween elements. A large part of this report is devoted to an analysis of loaded
slot elements and an evaluation of the coupling between such elements. The
reduced level of coupling can easily be ascertained from these analytical
methods for specificinstances through the use of an appropriate computer pro-
gram. The detailed studies, including the essentials for programming on a
computer, are found in later chapters.

This report includes the study of simple three~element linear arrays.

The data obtained clearly show that with miniaturized slots the coupling involved
from one element to another issufficiently small so that the interaction can
frequently be considered negligible. This fact has been deduced by comparing
the array patterns obtained analytically based on assumed element illumination
with experimentally determined patterns. It has been found that the experimen-
tally derived patterns are extremely close to the theoretically calculated pat-
terns. This means that the illumination of each element has been very close

to the assumed illumination neglecting interaction and as used in the calculations.
No modifications in the feed network were made in order to compensate for

the driving point impedance level of each element. For instance in the case

of the broadside three-element array, the feed network was arranged to give
three in-phase values of illumination of equal magnitude. Equal lengths of

lines were used so that the phasing and feed current magnitude were all the
same before each of the feeds was connected fo a loaded slot element. After

the feeds were connected to the individual slots and the array pattern tests

made, it was found that the patterns so derived were very close to those

1



predicted by calculation. The spacing of the elements was very nearly the usual
half wavelength for a broadside beam.

Section 0. 2 of this chapter describes the nature of the interaction problem
among various elements of an array. This section also gives the experimental
results on simple three-element linear arrays.

Section 0. 3 indicates the conclusions obtained through the use of the infor-
mation contained in this report. The remaining chapters contain the detailed
analytical work on the interaction of elements. Chapters I through V and the
Appendices comprise in their entirety the doctoral dissertation of M. A. H. Ibrahim

of which he is the sole author.

Section 0.2 : Arrays and Interaction

0.2a: General Discussion

The interaction of elements in an array of elements can be expressed in at
least two ways. One is by means of the mesh equations for coupled antennas.
These mesh equations contain impedance pafameters which theoretically can be
evaluated by means of appropriate line integrals. The most important impedance
for each element is the driving point of impedance. The driving point of impedance
itself is a function of the self impedance as well as each of the mutual impedances
which come into being through the interaction of each element on every other
element.

In the analytical work which has been done and is contained in Chapters II and
III, the analysis of the interaction of one loaded slot upon another has been on
the basis of a consideration of the electromagnetic field boundary value problem
Results have frequently been given in terms of the power level in dB received
at one antenna referred to the power level input at the other antenna. The
coupling then gives the power level of the receiving antenna as so many dB below
the power level of the transmitting antenna. The dB coupling level data can be
directly interpreted in terms of mutual impedance. However, this is not always

necessary. The main objective of the analytical work has been to show that



miniaturized slots are accompanied by much lower interaction than air-filled
slots at the same frequency and of standard size. On this basis, the work in
Chapters I through V is back-up or supporting information for the proposition
that miniaturized slots used in phased array antennas are accompanied by the
very considerable benefit of decreased interaction. In fact, the interaction |
level is now sufficiently low to allow the frequently used compensation schemes
for the driving network to be eliminated or greatly simplified.

In the consideration of phased arrays the problem of driving point im-
pedance becomes strikingly evident especially in the case of using the array
for transmitting. In general, power from each element may be coupled back
into every other element. If there is a relatively high level of interaction of
one element upon another, then it is necessary to have appropriate matching
techniques at every frequency and for every beam position. Obviously, it is
extremely difficult to obtain a good impedance match over a wide bandwidth.

It is even more difficult when matching must be good for wide ranges of scan

and for various scanning modes. A convenient measure of the need for matching
is obtained by considering an array of elements with respect to the total returned
power from all the elements normalized to the total power fed to the array.

This return of power to all elements will be a function of frequency and position
of scan for the array beam. The advantages of miniaturized slots would then

be associated with a major reduction of the returned power summed over all
elements over a useful range of frequency and over the desired range of scan.

There is some restriction on the bandwidth associated with a need to keep
the interaction low. This is brought out in the analysis given in the later
chapters. A possible bandwidth goal for phased arrays might be 15 percent.

It is less easy to generalize on a desirable scan angle. The requirements for
scan are very closely associated with the system requirements of the
antenna. Certainly for many anticipated uses it is desired that the scanning
angle from the normal to the array approach 90°. The indications given in
this report are that interaction may be so considerably reduced that the in-

fluence of scanning angle on the interaction, although present, is relatively
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insignificant since the overall level of interaction is always small. This
fact will be explored in some detail in succeeding paragraphs.

The use of loading material in a slot in order to reduce the size of the
slot for a given operating frequency points to the possibility of an additional
advantage not mentioned heretofore. There are available high quality dielec-
tric materials, some of which are of ceramic nature. Such materials can
be utilized to improve the hardening aspect of the antenna array, where
hardening is used to denote capability of withstanding the effects of nuclear
detonations. On the other hand, there are also useful materials for loading
such as the ferrites. Ferrite material also may be useful for hardening pur-
poses. However, there is a temperature limitation on ferrite which should be
taken into full consideration.

0.2b: Reduction of Coupling with Dielectric Loading

For miniaturized slots the nature of the reduction in coupling from one
element to another is due to the reduced area of aperture of each element
and to the impedance mismatch at the aperture associated with the loading
material. The reduced aperture means that a receiving element, or more
properly an element receiving energy from another element, is capturing
less energy. This advantage would be true for either linear polarization of
each element or for circular polarization for each element. However, in this
discussion, major attention is being placed upon linearly polarized elements.
Each element investigated in this study was a dielectrically loaded element.
The size of the element was so reduced that a slot formed by the open end of
an X-band waveguide when loaded with dielectric material within the waveguide
constituted a dipole slot suitable for S-band operation. This means that slots
2 13/16 " x 1 1132" formed by the use of WR-284 S-band waveguide, will be
supplanted by loaded slots 29/32" x 3/8" formed by WR-90 standard X-band
waveguide filled with Emerson and Cuming stycast high~K solid dielectric.

Various values of relative dielectric permeability were used; 5, 7, 11 and 15.

4



The relative sizes of these slots are illustrated in Chapter IV (Fig. 4-2a) .

The miniature slots as just described and as used in the experimental
arrangement utilized a short length of waveguide behind each slot. Each slot
was, of course, mounted in a common large conducting plane. In actual array
use, it is very likely that the many elements would also be mounted in a com-
mon conducting plane. The use of the common conducting plane provides a
3 dB increase in the directivity of each slot element. Furthermore, the plane
defines the physical field situation much more precisely than if the slot elements
are merely an arrangement of cut off waveguides without a common boundary
metal plane surface. Without such a plane surface, considerable uncertainty
is introduced into the effective radiative structure of each element. Currents
will tend to run back down the outside of the waveguide walls. For this reason
it is believed that the use of the common ground plane has been justified in the
experimental effort which is to be described.

It was convenient in undertaking the experimental work on the interaction
of elements to have the experiments performed ét S-band. The analysis of
the interaction between two slots based upon an iterative procedure as des-
cribed in Chapter II is applicable to slots at any frequency and with any size
as well as any type of loading material.

0.2c: Experimental Ferrite Loaded Slot Arrays

The experimental work done on simple three-element linear arrays
utilized slots having ferrite loading and the size of each slot element was dif-
ferent from that described in the comparison of loaded and air-filled slots.
For these experiments on the three-element arrays the slot was 5'""x2" . The
depth of the cavity backing of each slot was 1 1/ 2" . The center frequency of
each slot was 350 MHz. The loading of filling material of these slots was
ferrite EAF-2 ; the relative permeability of this ferrite was 6. 6, the relative
permittivity, 12, 6 and the magnetic qualify factor,30.

As a preliminary in the experimental work it was appropriate to take the

radiation pattern of a typical ferrite loaded slot. For this purpose Slot No. 108



was mounted in a 5'x1-1/ 2' aluminum ground plane . A radiation pattern taken
at 345 MHz is shown in Fig. 0.2-1.

Use of standard procedures for the calculation of a broadside array of
three slots similar to No. 108 and fed equally both in magnitude and phase
resulted in the pattern shown in Fig. 0.2-2. An array of three slots was then
fabricated with the slots having the magnetic fields collinear (slots arranged
end to end in a line). The experimentally determined radiation pattern is
shown in Fig. 0.2-3. Since the patterns of these three figures are so similar
it was concluded that there was comparatively little interaction between slots.
This means that the illumination of the slots was not appreciably modified by
mutual coupling. The feed network to the three slots was made with three
identical branches, one being connected to each slot. Further work on the
same three-element array with uniform progression of phasing of the elements
also showed agreement between calculated and experimental patterns. Thus it
appeared that for ferrite loaded slots the interaction of coupling of slots was
relatively low. This indicates that the driving point impedance of each slot
in an array is relatively independent of scan angle.

0.2d ; Observed Coupling Effects of Dielectric Loading

Utilizing the information shown in Chapter III, it is possible to make some
simple comparisons which are helpful in evaluating the return power, For
example, in the consideration of a phased array of elements assume a require-
ment of 15 percent bandwidth. If two slot elements are made using the usual
air-filled S-band waveguide, it can be found from Fig. 3-11 (Ch. III) that the
coupling for a spacing of 0. 5x will be approximately -15 dB . On the other hand,
the same frequency band can be used with X-band waveguide if it is filled with
appropriate loading material such as with a permittivity of 7. 0. In Fig. 4-17
(Ch.1V), it can be seen that X-band waveguide so loaded as to be used for S-band
frequencies can provide for a 15 percent bandwidth with a coupling of the order
of -30 dB. It is observed that the use of dielectric loading material has made
the waveguide feed components somewhat frequency sensitive whereas the air-

filled waveguide slots did not exhibit this degree of sensitivity. However,
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increased isolation can be obtained using the smaller slots and the loading
material over a useful frequency bandwidth. In order to make this comparison
still more apparent, attention is called to Fig. 4—4 (Ch. IV) which shows the
experimentally determined coupling for S-band air-filled slots. From this
curve it is observed that for a frequency of 3.0 GHz, the coupling is approxi-
mately -17 dB.

It is interesting to note that the coupling between the air-loaded slots can
also be determined from previously published reports (Lyon et al, 1963; 1966).
A number of graphs from these earlier reports are introduced here as Figures
0.2-4, -5, -6 and -7 . Figure 0.2-4 shows that for a spacing of 0. 51, two
broadside slots would have a coupling level of -14 dB. This figure was based
on X-band but is valid at other frequencies, if the slots scale exactly with
frequency. Figure 0.2-5, when applied to the same physical situation, would
yield about the same result. For this case, 6=0°. Read along the vertical axis
for a separation of 2), the value of -26 dB. Then for a separation of 1A, add
6 dB. Then for a separation of 0.5 X add still another 6 dB. The total is:

026 dB + 6 dB + 6 dB = -14 dB. The graphs in Fig. 0.2-5 were also obtained
for X-band but are applicable to other frequencies, upon scaling. This pre-
supposes the size of the slot has been changed proportionally to wavelength.
This of course is the case for standard size waveguides, and it is true in
comparing S-band waveguide in size with X-band waveguide. Figure 0.2-8
shows coupling for S-band slots at various frequencies but at a spacing of
0.5X.

The frequency bandwidth associated with dielectrically loaded waveguide
slots is quite different from that with ferrite material loading in a waveguide.
This presupposes that the ferrite material has approximately equal values of
relative permittivity and permeability. This being the case, the addition of
such material does not change the susceptance at given points of discontinuity in
the waveguide and the waveguide fittings as much as a dielectric material. A
dielectric material tends to increase the capacitive susceptance at points of
discontinuity whereas the ferrite material involves increases of both kinds of
susceptance and thus there is compensation.
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0, 2e : Observed Coupling Effects of Ferrite Loading

In the consideration of the advantages of miniaturized elements in arrays,
some of the experimental work was done with dielectric loading material merely
for convenience. Other parts of the experimental work used ferrite material.
The type of ferrite used was EAF-2 characterized by a relative permittivity
of 12.6 and a relative permeability of 6. 63.

The contention that a ferrite loaded slot is less frequency sensitive than
a dielectric loaded slot has been borne out by experimental evidence of other
studies (Adams, 1964). One of the slots used in this current study (5''x2"x1 1/2")
has a bandwidth of 19 MHz based on a VSWR of 3. A comparable dielectrically
filled slot of the size 12" x 3" x 5" has a bandwidth of 10 MHz on the same
VSWR basis .

2

Additional experimental measurements have been made for the coupling
from one ferrite loaded slot to another. These coupling values have been ob-
tained for spacings of approximately 0.5\ and are values for the slots being
end toend and also for the slots broadside to broadside. The data are plotted
in Figs. 0.2-9 and 0.2-10. It is observed, as expected, that the broadside
to broadside level of coupling is somewhat higher than the end to end coupling.
However, both levels of coupling are very much reduced from what they
would be if air-filled slots were used. Again, in this case the comparable
values for air-filled slots would be -14 dB (Fig. 0.2-4) for broadside to
broadside coupling and -20 dB (Fig. 0.2-6) for end to end coupling for this
spacing. Note that the experimental data on S-band slots as shown in Fig. 0.2-8
shows ~15 dB for broadside to broadside coupling. In an array of slots, the

end to end coupling is relatively insignificant.

0.2f: Array Returned Power

One of the important measures for an array of many elements is the total
returned power from all active elements. For instance an array of many
elements may be fed with illumination to give a desired steer angle. Then for

a given position of the beam a measure of the returned power coming from all
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of the elements can be made. A total returned power of 10 percent or less
would be considered reasonably good. A returned power of 10 percent would
mean the returned power is 10 dB below the incident total feed power. If
there were 100 elements in an array, each of them coupling at the level of
-30 dB to each of the others, and then all of the returned powers in each of
the elements added together in going back to the feed network, the returned
power level in the feed network would be 10 dB above the incident feed power
to one element., However, this would be -10 dB below the total incident feed
power to all elements. Obviously, it is assumed that each element is fed the
same power as every other element, and also the phase of each element is
the same. This would correspond to the beaming being broadside. Such
crude calculations tend to be conservative. Fields are assumed to be in phase

and, therefore, additive.

0.2 g: Interaction of Elements in an Array

Consideration of the interaction of every element of an array on every
other element can assume somewhat sophisticated levels. At the time of
writing this interim report, the ultimate in detailed analysis of this interaction
has not been accomplished. However, methods are available for this. If, in
the future, additional effort is required on this project, it is expected that it
will assume the form of detailed machine calculation of this interaction problem.
Two significant sources of information on this general analytical approach are
Lechtreck (1968) and Amitay et al (1968)

Approaching the problem of interaction in a relatively simple manner
corresponds to the method which is outlined in the following paragraphs. For
this purpose, interaction is considered on the basis of an array with all elements
equally illuminated and in phase. This corresponds to having a broadside beam
for the array. Of ¢ourse, as the beam scans, the interaction will change.
However, having evaluated the interaction in terms of returned power for the
broadside beam, it is possible by comparing with results of others (Butzien,

1968) to get a reasonable assessment of interaction and to predict the change in
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the interaction level due to having miniaturized slots. Miniaturized slots using
dielectric loading will give a somewhat different level of interaction from
miniaturized slots using ferrite loading, as will be discussed in succeeding

paragraphs.

0.2h: Examples of Returned Power for Full-Sized Air-Filled Slots

The refurned power compared to the input power per single slot is con-
sidered. Figure 0.2-11 indicates a two-dimensional array of rectangular slots
with uniform separation of 0.5)1. Assume that all of the slots are fed with the
same power level, Also, assume that each slot is in phase with every other
slot.

The returned power to slot No. 0 is considered. Referring again to
Fig. 0.2-11, the contribution due to the slots inside circle "A" is as follows:

(1) Slots 2 and 4: The coupling between 0 and 2 or 0 and 4
is of the order -14 dB. This can be obtained by looking at
Fig. 0.2-4. Therefore, the coupling to slot 0 is of the order
-14 +10 log 2 = -11 dB.

(2) Slots 1 and 3; The coupling between either 0 and 1 or 0 and 3
is of the order -20 dB (see Fig. 0.2-6). Therefore, the power
received by slot 0 from elements 1 and 3 is of the order:

-20 + 10 log 2 = =17 dB. Then the power received by element
0 from all four slots in circle "A'" can be computed.

antilog - 1.7 = 0. 01995
antilog - 1.1 = 0. 07943
sum = 0,09938

10 log 0.09938 = -10. 03 dB power received
from all four slots.

The contributions due to the slots in a larger circle '"B' can be found as fol-

lows:

(3) To calculate the power received by slot ), take all the slots
enclosed by circle '"B" . The contributions due to 5, 6,7 and 8
must now be added to the contributions found for slots inside
"A" . The separations of these slots from slot 0 is:

V27'x 0.50=0.707 X .

From Fig. 0.2-7, the coupling level between each of these
slots (5, 6,7 and 8) and slot O can be obtained for @ = 459;
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the value of this coupling is -25 dB. Therefore, the total of
the contributions from the four elements is:

10 log 4-25 = -19 dB.
antilog-1.9 = . 0127
antilog-1.003 =, 0998
.0127+.0998 =. 1125
10log0.1125 =9, 5 dB.

The -9.5 dB indicates 11.25 percent of the incident power per
slot is returned to slot 0 considering all slots in circle "B".

The contributions due to the slots in the still larger circle '"C'" can be found:

(4

For the enclosed elements in circle ""C", the additional
elements will be 9, 10, 11 and 12. The received power from
elements 9 and 11 is obtained from Fig. 0.2-4. Each of these
has a coupling to slot 0 of -20 dB.

10log 2 -20=-17dB contribution from 9 and 11.

The coupling from slot 10 or 12 to slot 0 can be found from
Fig. 0.2-6 to be -32 dB.

10log2 -32 = -29dB contribution from 10 and 12
antilog -2.9 = 0. 00125.

Then the total power level from all elements enclosed in circle
"C'" can be found:

10 log (0.07943+0.01995+0.0127+0.01995+
0.00125) = 10 log 0. 13328 =
-8.75dB power received from all
elements in circle "C" .

The contributions of all elements within circle "D'" may be obtained now by

including elements 13, 14, 15, 16, 17, 18, 19 and 20:

(5) Slots 14, 15, 18 and 19 are spaced 2, 23X from slot 0 and the

angle o = 63020' using Figs.0.2-11 and 0.2-7. Interpolation
on Fig. 0.2-7 will yield -31 dB of coupling each slot to slot 0.

10 log 4 - 31 = -25 dB.

For elements 13, 16, 17 and 20 the spacing is still 2. 23X but
the angle o is 26930' . Again, using Fig. 0.2-7 the coupling
of each slot to slot 0 is -44 dB.
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10 log 4 - 44 = -38dB

antilog - 2.5 = . 003145

antilog - 3.8 = . 000137

10 log (0.13328 +0.003145+0.000137)
=1010g0.136562=-8.65 dB power received from
all elements in circle "D" .

The results of the interaction for various numbers of nearby elements con-
sidered are shown in the graph of Fig.0.2-12. As shown, the returned power
of an array of many elements (say, 1000) will be on the order of -8. 65 dB as

judged by consideration of the first 20 elements surrounding any one element.

0.21: Returned Power for Dielectrically Loaded Slots

As examples of returned power for air-filled slots it is to be noted
that the two great contributions are from the two nearest slots
which couple broadside to broadside with the slot under consideration.
For air-filled slots this coupling level is -14 dB. For dielectrically loaded
slots the corresponding level is -30 dB, (see Fig. 4-17, Ch.IV). Although
complete information is not yet available it appears with good certainty that
for bandwidths of approximately 15 percent or less, the returned power for
an array of dielectrically filled slots will be substantially less than for air-
filled slots.

0.2j: Returned Power for Ferrite Loaded Slots

Recent experimental data on the coupling of ferrite filled slots are shown
in Figs. 0.2-9 and -10 . The lower levels of coupling would then result in a
substantially lower returned power level. Reading from the figures for a
frequency of 350 MHz and spacing of 0. 51 the broadside to broadside
coupling is -35 dB; the end to end coupling is -37 dB. It is inferesting to
observe that these two coupling values are very close. This contrasts with
the unloaded slot case with corresponding values of ~14 dB and -20 dB .

Again, making use of Fig. 0.2-11, the returned power to slot number 0
is considered, assuming all slots are ferrite loaded and have the above
coupling behavior. The contributions due to the slots inside the circle "A"

are as follows:
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(1) Slots 2 and 4; the coupling between 0 and 2 or 0 and 4 is of
the order -35 dB. This can be obtained from Fig. 0.2-9 for
ferrite loaded slots. Therefore the coupling to slot 0 is of
the order

-35dB +10 log 2 = - 32 dB.

(2) Slots 1 and 3: the coupling between either 0 and 1 or 0 and 3
is of the order -37 dB as can be obtained from Fig. 0. 2-10.
Therefore, the power received by the slot 0 from elements
1 and 3 is of the order

-37dB + 10 log 2 = - 34 dB.

Then the power received by element 0 from all four slots
in the circle ""A" can be computed:

antilog -3.2 = 0. 00063
antilog -3. 4 = 0. 00040
sum = 0. 00103

10 log 0. 00103= -29.9 dB
This last value is the power received in terms of the incident power level to one
slot. The contributions due to the slots in a larger circle '""B" can be found:

(3) To calculate the power received by slot 0 take all the slots
enclosed by circle "B". The contributions due to 5, 6,7 and 8
must now be added to the contributions found for slots inside
""A". The separation of these slots from slot 0 is:

Y2' x0.51 = 0. 707\ .

Since tests have not been made for the dependence of coupling

of ferrite loaded slots on separation in echelon, assume the

most conservative dependence of 6 dB per octave of distance

as for broadside to broadside alignment (this is well established).

This is conservative since 12 dB is the value for end to end

alignment.

0.707A
0.5x

The coupling level between each of these slots, 5,6,7 and 8, and

slot O can be obtained as:

-35 - 3 = -38 dB.

20 log =201log 1.414=3dB .

Note that ~35 dB has been chosen arbitrarily rather than -37 dB,
again being conservative. Therefore the total of the contributions
from the four elements is:
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10 log 4-38 = -32 dB

antilog - 3.2 = 0. 000629

antilog - 2.99 =0.00102
sum = 0,001649

10 log 0. 001649 = - 27.9 dB.

This -27.9 dB is for all slots 1 through 8. It indicates that 0. 16 percent
of the incident power in a slot is returned considering all slots in circle "B'.
This contrasts with 10. 99 percent for air-filled slots.

The contributions of slots in the still larger circles "C" and "D" can
readily be included by similar calculations. In this way it is found that the
returned power level using contributions from all slots in the "D'" dircle
is -26.9 dB. This value -26.9 dB means the returned power per element from
20 elements surrounding this element is 0.2 percent of the incident power fed

to each slot.

Section 0.3 : Conclusions

The work covered in this report has considered a simple linear array of
three elements. The experimental radiation patterns of this array indicated
a low level of interaction of elements. This low level of interaction is attributed
to the use of miniaturized slot elements. The miniaturization has been accomplished
by either ferrite or dielectric loading. Such loading imposes some bandwidth
restriction on the elements but this constitutes no real limitation for the usual
application of phased arrays. Of course, the loading material in slots creates
an additional material interface which is of importance both as to the interaction
of the elements, and the bandwidth. The following chapters give considerable
analysis of the slot-to-slot interaction with loaded slots. The net result of the
work reported here is that the use of smaller loaded slots reduces element
interaction; the driving point impedance of each slot in an array of other active
elements remains more nearly constant than for unloaded slots. I has been
shown that the use of ferrite loaded slots rather than air-loaded slots at a given
frequency can result in a returned power level of 0.2 percent instead of 13. 6
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percent. This example was based on conservative calculations for an array
of 21 elements. This great reduction in returned power or level of interaction

would carry over to much larger arrays using ferrite loaded slots.

References

Adams, A. T. (1964), "The Rectangular Slot Antenna with Homogeneous Isotropic
Loading, " The University of Michigan Cooley Electronics Laboratory
Technical Report No. 147 (5549-7-T).

Amitay, N., P.E. Butzien and R. C. Heidt (January 1968), ""Match Optimization
of a Two~-Port Phased Array Antenna Element,'. IEEE Trans., AP-16,
No. 1, 47-5T7.

Butzien, P. E. (1968), "Antenna Element Match Design for Planar Phased Array
Antennas, " Proceedings of the 18th Annual USAF Symposium on Antenna
Research and Development, 22 pp.

Lechtreck, L. W. (1968), ""Effects of Coupling Accumulation in Antenna Arrays, "
IEEE Trans., AP-16, No.1, 31-36.

Lyon,J. A. M. and R. M, Kalafus (March 1963), "Aerospace Antenna Coupling
Factor Interference Prediction Techniques as Related to the Electromagnetic
Compatibility of Different Systems, " presented at the Contractor's Conference
on Electromagnetic Compatibility Research, Wright-Patterson Air Force
Base, 3 pp.

Lyon,J. A. M., R.M. Kalafus, Y-K Kwon, C.J.Digenis, M. A. H. Ibrahim and
C-C Chen (1966), "Derivation of Aerospace Coupling-Factor Interference
Prediction Techniques - Final Report, "' The University of Michigan
Radiation Laboratory Report 6633-1-F, AFAL-TR-66-57, AD 483051,
UNCLASSIFIED, 334 pp.

24



Chapter I

INTRODUCTION

The interest in the problem of coupling between two loaded slots backed by
loaded waveguide cavities arose when a study was initiated on the use of arrays
of miniaturized slot antenna elements. The interest was based upon prior work
of the writer on the coupling between unloaded slots and also by the writer's
early association with the design problems of antennas of reduced size. The
problem of electromagnetic coupling between loaded slots is considerably more
complicated than the coupling between unloaded slots. The problem can be
considered from a physical viewpoint as a microwave network of considerable
complexity due in part to material interfaces. Such a picture is
helpful in the consideration of incident and reflected waves at various locations
in the physical arrangement.

A thorough search of prior literature was made in three directions:

i) A survey of the literature was made for information on loaded rectangular
cavities including the characteristics of these antennas as individual elements:
aperture admittance data were sought. There were several papers on this
subject such as Adauns1 and Swift and Hatcher1 8 . There were some reports
on the properties of rectangular waveguides covered by dielectric or plasma
slabs as in Cockrell19 and Galejs 13. The report by Adamsl was studied very
carefully. He used the variational technique to obtain the normalized conductance
and susceptance. Some slight changes in his formulas were made and then used
as indicated in Section 3.2 of Chapter III. It was possible to obtain the aperture
reflection coefficient using simple relations involving normalized conductance and
normalized susceptance.

ii) Information was sought on the radiation from empty rectangular waveguide
openings in a ground plane and also coupling between such guides. There were

several papers and reports in this area in addition to work in which the writer
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had participated at an earlier date. Some of these are; the final report by
Archer and Hardiel7, Galejsl3 and Mikenas and MayesM. Both Galejs and
Mayes have used the reaction concept in their formulations. Some reports
from The Ohio State University such as J ennettilo, Svoboda11 s OSUZO’ 21,
have some discussions on an empty or unloaded cavity-backed rectangular slot
antenna.

Finally, the report of Lyon,et al2 , where integral equation formulations
were used to predict the coupling of empty slots flush mounted in a ground
plane proved helpful.

iii) A search in the literature for information on coupling between loaded
slots proved fruitless. There were no papers which have treated the coupling
between loaded slots except one recent paper by Wu16 which appeared in the
March 1969 issue of Radio Science. The paper describes a theoretical investigation
whereby an integral equation method is used for an analysis of coupling between
parallel plate waveguides loaded with dielectric plugs. This present investi-
gation is different in several ways. The analysis is completely different from
Wu's since in the present investigation there is a short-circuit at the bottom
of each cavity. Also in this investigation, using rectangular waveguide, both
theoretical and experimental results have been achieved. The resonance
phenomena in this investigation has been explained very carefully; Wu16 did
not do this but indicated more information was needed.

This literature search was continued at the same time the experimental
work was being conducted on the coupling of loaded slots with cavity backing.
In the meantime several papers on the reaction concept such as Rumsey15
and Richmvond12 were read carefully and the reaction concept was applied in
the theoretical analysis.

1.1 Approach to the Problem

The coupling was sought by first obtaining the coupling between loaded

slots on an aperture-to-aperture basis and then to ascertain the effect of the
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backing cavity later. From these two analytical steps the total coupling can
be obtained. An iterative procedure has been used to compensate for the inter-
action between the two slots especially when they are very close to each other in
spacing.

Some of the graphs in the text will show that the effect of interaction is more
pronounced in the case of near field spacing. Interaction is of much less
significance for large spacings of slot elements. The situation closely parallels

the inductive coupling of two wire circuits.
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Chapter II
THEORETICAL ANALYSIS

2.1 Assumptions
In order to formulate the problem there are several assumptions which

are appropriate. The exact solution of this problem is very complex. Some of
these assumptions are going to be listed at the beginning and the rest will be
mentioned at the point where the assumption is made. To simplify the analysis,
it will be assumed that only the dominant TE;, mode is propagated at both
transmitting and receiving waveguides. The assumption is justified by the
experimental work, as we shall see later. Of course, for operation above the
cutoff frequency there may be more than one mode propagating. It will be
assumed at the start that the scattered field from the receiving slot is not going
to affect the excitation at the transmitting slot but compensation for this will

be made later in the analysis, by means of an iterative technique. Also it will
be assumed that the apertures are equal in size with the broad sides paréllel

as shown in Fig. 2-1(a).

2.2 Formulation of the Fields in the Different Regions

The proposed method of solving the problem is fo assume an aperture
illumination at the transmitting slot and then solve to obtain the scattered field
inside the receiving aperture. The analysis is that of a three region boundary
value problem with Regions I, II and IIT as shown in Fig. 2-1(b).

Region I
The fields are formulated in general as shown in the equations:

e
3

— - 9 _ -
E= V(V'7)+w ueT-juuVxr 2.1)

H=V(V" 7r*)+k2 T HwevVx T (2.2)
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where
k2 =2 UE (2. 3)
7 is the Hertzian electric vector potential

and 5 :
7 is the Hertzian magnetic vector potential.

From the vector identity,
vxVx L=V(V- [)-v°L (2. 4)
and knowing
VI+12L=0, (2.5)

then E and H equations can be rewritten in the form

E=Vx VX7 -juuVx 7_7*; (2.6)

H= Vx Vx T jueVRT. (2.7
For E =0, then set 7 = To=7*= 0 and substitute in (2. 6) and (2. 7) obtaining
EI and HI in the waveguide which are:

Ey = -jou Vx (r¥ §) (2.8)
and

f = VxVx (7;;"; % (2. 9)

where the subscript I is taken to denote the fields in Region I. Therefore,
there results
-jBz jBz Ty 2, mry nTx ijnZ
E_=(e " +Re" )sin— A sin —= cos—— e s
Ix a mn a b

m=L - n=o (2. 10)

where the prime on the double summation indicates that (1, 0) term has
already been removed and where the subscript x is used to denote the x-

component of the field,

B=$ 1-(=)" where f>f (2.11)
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fc is the cutoff frequency,

ve — 2.12)

e

R is the reflection coefficient of the dominant mode at the aperture.

and

Region II
Region II is the free space upper hemisphere over the ground plane

(see Fig. 2-1(b) ) . The method of images is going to be used to derive the fields.
To formulate the equations of the fields in Region II take
a b

- 1 _ e'jkp q
F =i M —— ds. (2.13)
0 0

From Fig. 2-2 an application of the equivalence principle yields (b) from (a)
and according to Huygen's principle the result as (c) is obtained and this is going

to be used in (2. 13). Therefore

_ 1 2 b _ e—jkop
F=g f f °E x n — dxdy,
0 0

where M is the magnetic moment vector

p= l/(x—’é’)?‘ +(y-n) 2452 (2.14)

and F is the electric vector potential.

Since for the problem at hand

Exi=Ex2? = —Ex)'; (2. 15)
then a b
-ik
T E eJopdxd .y (2. 16)
- y o2 X P y y .
0
and
FX=FZ= 0, (2.17)
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where EX is the x-component of the field at the transmitting aperture or, in this
case, the aperture illumination.

The fields in Region II could be represented , in general, by these equations:

- - - 1 -
E—-VxF-]wu0A+j—5é;—V(V A) (2. 18)
and
- — - 1 -
H=VxA -jue F+— V(V:-F) . (2.19)
Y JWO

The radiating source in this case is the rectangular slot denoted by TR and
located in an infinite ground plane (see Fig.2-1). Since only a dominant mode

is going to be assumed then the aperture illumination can be given as:

E (£ 1,0) = (14R) sin =2 % (2. 20)
T a

where R is the reflection coefficient of the dominant mode at the aperture and

g, n are the source coordinates as shown in Fig. 2-1(b). Therefore from

(2.20) and (2. 16)

L]

N ko fx-B sy
F:—z—ﬂ ‘[ l 2(1+R)sin—-£— dgdn,

(x-8)24(y-n) 242

(2.21)

where X, y, z are the field points of the coordinate system and

ko = 1/“060 . (2.22)

From egs. (2. 18) and (2. 19) by setting A = 0, then

E=-VxF, (2.23)
and
A-ojue F+—V(V-F) . (2.24)
o Jwu
o)
Therefore
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| OF, OF~) OF OF
Epr- ™ & "2 ax:‘”‘ 2 %
and
. a b -ik,P
€ .
B =3 f (1+R)sm( 3 p3 -+ z (-jk p-1)d€ dn (2. 25)
0 *0

which is the x component of the field in Region II. Notice that Enx=0 atz=0 or the
tangential component of the electric field is zero over the ground plane (perfectly
conducting ) . Also the other components can be obtained inthe same manner .

For the H field we can write

"J
- T\ €
HHX— 47” oy 8x8y\ f f 2(1+R)sin( )) d‘é’ dn> (2. 26)

L 2 o 1o
Hy == f f 2(1+Rsin(Fh S=— dgdn
y o dy 0 Y%

a b
f 2(1+R)sin (%’-7) > (2. 27)
0
and b e-jkop
= in(X1
HHZ- me azay f f 2(1+R)sm(a) 5 > (2.28)
0

Region III
In Region III again it is to be assumed that the only mode existing is the

dominant mode. Therefore as in Region I:

Ty ]Bzh
II[ (x,y,2)= U sin X " e s (2.29)

X

where U is the complex amplitude of the electric field at the receiving aperture
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and from Maxwell's eguations,

BEX

Sz =—quHy. (2. 30)
Therefore:

_ 1 9 . Ty jpz

H]I[ ® i o (USma e’
and y

g =-B yam ™I 2. 31)

HIy W a

At the surface of the ground plane or at z = 0,

= _ B Ty, A
HII_I ey Usm(a)y (2. 32)

y

where as before

_w fe 2
B = 1~ (f_) , (2. 33)
or
27rf } c V/Acz
-f— =27 \/(") _( ) /)\
or

1.2 1.2
B=2r V(i) —(Z_a_) (2. 34)

where X is the wavelength in the material medium, Therefore, from (2. 33)

and (2. 32),
- ,/ ]/ _y
= -U 5 s (2. 35)

where
u is the permeability of the material

€ is the permittivity of the material used

€= 6061‘
H = Boby
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eo, er are the free space and relative permittivity of the material
respectively, and

Moo My aTE the free space and relative permeability respectively.

The objective now is to use the formulations of the fields in Regions I, II
and III to obtain an expression for U the complex amplitude of the electric field
at the receiving apertures corresponding to a given excitation of the transmitting

aperture.

2.3 Evaluation of U

To obtain an expression for U there are several ways, including an integral
equation formulation or variational technique. For this analysis the reaction
concept of Rumsey15 is going to be used since it simplifies the formulations.

As stated by Rumsey, J(c) generates the same field as 'g" on the source free
side of S as shown in Fig. 2-3, where g is the source, J(c) represents the
surface distribution of the electric current which is induced on the scatterer by

g, and S is the scattering body.

J(c)
Source

g >

Scatterer

FIG.2-3: SOURCE AND SCATTERER.
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For the specific problem at hand g is the same as the transmitting aperture with
a given illumination and the scatterer is the receiving slot.
The boundary conditions with the tangential magnetic fields at the receiving

aperture states:

S i -AxA+bxi 2.36
ZxH =ZxH+ZxH,, (2. 36)
where
ﬁin is the scattered field inside the waveguide,
ﬁs is the scattered field in the hali-space over the ground plane,
and ﬁII is the field due to the illumination of the transmitting aperture.
Also
A o A -
ZxH =-CZxH, , (2.37)
S in
and A~ 1 A = ’
Zx Hinv— TiC Z x HII (2. 38)
2
For the free space case C is taken to be unity as in Lyon . Therefore,
Zxf =} Zx@ (2.39
X in = é X e . )
Also from the reaction concept which states
@ - [[[Ew aT@-iw-aka] (2. 40)
\Y%
where
V is the volume which contains the sources,
J (a), I_i(a) are the electric and magnetic current densities of source 'a",
and

J (b), I—i(b) are the electric and magnetic current densities of source '"b'" .
It is also helpful to note that the reaction formula has the properties of a scalar
product.

The reciprocity theorem of all the sources that can be contained in a finite
volume is expressed by

a,by = {b,a)y . (2. 41)
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The linearity of the fields is implied by the identities

<, btCD =<a, B> + <a, C>, (2.42)

and

<Aa,bD> =A<a,b> =K, Ab>, (2. 43)

where thenotation'A a' means the '"a' field and source are multiplied by the
number A. Also

&) =, c), (2. 44)

where .
X is the test source.

Equation (2. 44) expresses the condition that "a" and "C" should 'look"
the same to an arbitrary test source '"x" . Choosing the test source to be "a"
itself, then (2. 44) contains "a'" as the assumed value of sources and C is the
correct value of it.
&, a)= G, C (2. 45)

from (2. 40), (2. 41) and

{a,C> =L, a) = ff—:f(c) - EIIItdS' (2. 46)
S

From the boundary conditions it is known that

T=2xH . (2. 47
Therefore

- A

J(c) = -HIIt X , (2. 48)

where the subscript t is to denote the tangential component at the aperture.

From Egs. (2. 46) and (2. 48) there results

{2, C) = f f Hyp, Eqpp,dS | (2. 49)
S

and

<&, 2> f f J(a) - Eqp, 98 (2. 50)
S
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in which E(a) is the current assumed when the scatterer is removed or

J(a)= -H__ +H s
Ht IIIt

(2.51)

where Hipp ¢ is the tangential component of the magnetic fieilfc)l in the Region III at
z = 0. Following the same procedure as given by Rumsey , let

a=Uu . (2.52)
Then apply (2. 50) and (2. 52),

(a, a) = fsf (-HIIt+HIHt) (UEmllt) ds (2 53)
where
= _ . Ty
EIIIut— sin =X . (2.54)

From Egs. (2. 45), (2. 49), (2. 52) and (2. 53),

2 [ e
U f f HH Em ds=U (- — +Hmut)EmutdS

Simplifying the above to get an expression in U,

2
2U HH E dS=U ffH E das ,
3 I M S I]I[ut My,

” ff
2 II IH
ff IIIu III ds

(2.55)

where
= 1 7..1-_.y =
EIIIut sin 2 atz =0,
B ™ -
IIIu,C Wt a

S is the area over the aperture of the receiving slot, and

B.is defined as before in Ea. (2. 34)
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A special case of the above would be that of free space slots and it can

be analyzed as follows.

Again
= -Hyp,+
{a,a) fsf( HHt Hmt)UEHIutdS ,

where

From (2. 39), which is

2xH -:2xh
X = X Hn

[\)

and using C = 1 as in Lyon2 then in this case

Hin N HIII

or
H. =2H .
Ht IIIt

Substituting in Eq. (2. 53):

{a, 2 =fsf(-2Hmt+HIHt) UEq w ds,

or
(a, ay =-U ffHIII EIII ds .
S t Y
However
H =UH
m ¢ IIIut
Therefore

{a,d =—U2 ffH E ds ,
g I]Iut ]Z[[ut

from Egs. (2. 45) and (2. 46).
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Therefore

2
-U ffJ(c)E dsS = -U ffH E ds
s ]:Ilut S IIIut IIIut

N ffHII ]11
. (2.58)
ffHIIIu IIIu

This is for the free space case where y = M and € = € , where S is the receiving
0

aperture area , and

IIIut:SIn?’Z:O’
_ B . my 5
HIIIu__—w;—; sm-a— , Z2=0.

t

To obtain the value of U it is necessary first to obtain HIIt . From (2.27), again

write
jw€o P ™ e_jkop
HII :T <f 2 (1+R)sin — Y )
y 0
a b -ik p
] 5 an e °
— 2(1+R)sin —- d&dn),  (2.27)
47er;,¢0 ay2 a
0%0
where

(x-€)2+ (y-n)2+z2

To simplify (2.27), consider the second term on the right hand side ,

a b -ik p

82 e °
L= -5 <f 2(1+R)sinm _— d’é’dn) .
a P
oy 3
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Interchanging the order of differentiation and integration and substituting

2 a2

-—é——:-—
2

oyon

yields

d @ T 82 e_jkop
= - + i .
L ff 2(1+R)sin " ayan( 5 ) d&dn
0

Integrating once by parts with respect to 7 in the manner
f u(x)v'(x)dx=u(x) v(x) - J v(x)u'(x)dx .

LT T T
Let u = sin —, u' =T cos T s
a a a

-ik p ik p
0 _ 9 aeJO

oy P on = oy P

)

Hence

0

or
a b

T O e—jk("o
+ —— ——
!fz(l R)cos = ay( 5 ) d&dn
0

Therefore, Eq.(2.27) reduces to

-ik
Hy - f f 2(1+R)s1n 1o pd’e;-’dn>
~ikop
ff 2(1+R)co s7”7 :y ep ) d&dn
0 Yo

L=

Iy

1
47r3wuo

w1y

T ) e_jkop
=- | 2(14R)sin-1 dg +- 2(1+R)cos’”7
a Ay p
0

(2.59)
-ik p
9,e" ©
2 oy YdEdn,
(2. 60)
(2.61)



Next, return to evaluate U using (2.61), Atz =0

o =p' = Yx-5%y-n2 . (2. 62)

Then the numerator of Eq. (2. 55) can be written in the form

Numerator =
ik o'

f f |: < 2(1+R)sin717 e >
a  p

T n o e_jkop'
47TJ£0H a—l.[f (1+R)cosa 5§'( o )d&dn | dydx §,
0

or
Numerator =
X9 a a Jkop'
f f f 2(1+R)Sln sm—— o ——— d&dndydx
0%0
. Xz a a b a _jkop[
T .. Ty d e
~ - + —= = d€dndydx
Ton, 2 f 2(1+R)cos — sma ey ) dEdndy
x; Y0%0% (2. 63)

Then simplify the second part on the right hand side of (2. 63) by means of in-

tegration by parts as before.

Take u = sinH s u'=" cos ¥ s
~a a a
e-ikop' o e ikop!
v= , and = —
p' gy p'
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Let

Xz a ab ' _jkopl
f fffzum)cos( s (ZY ) 3‘?—3‘), d& dndydx .
0%

Xl 0

Then integrate by parts

-]k p a
f f f 2(14R)cos / sinY. 2 S | deanx
*2 kop!
f f f f 2(1+R)cos cos—— o d&dndydx .

Again the numerator can be written as follows

|=1

Numerator =

X9 a a b —3 1
Jwe, 2 Ty e Jkop
2{ — 2(1+R)s1n N sin™Y¥ d€dndydx
47 a p'
X1 0%0
aab —]k pl

X
2 2 o
1 T N Ty €
+ — ! + — — ——
4ﬂjwuo az f fz(l R)cos a cos y o dEdndydx
x1 0 0

Some simplification yields:

Numerator =

ik

2 -ikyp'
Jwe (14R) 0
f fff sin™ gin ¥ 4+ LTV (1+R) cos ™! cos—-y ° - d€ dndydx .
a a 2, a a P
2]

(2. 64)

44



Use the trigonometric identity below:

T Ty ™ ”_y 21 - Tto- T
Clcos — Ccos —= Czsm Y sin 5 Ecl Cz)cosa(y n)+(C1+Cz)cosa(y+nﬂ.
C1 and C2 would be defined as:
_ 7(11R)
1~ W s (2. 65)
and we_(1+R)
Cz=—T— . (2. 66)

Finally U can be rewritten in the somewhat simpler form:

-jkop!
ffff [Cl C2)cos (y n)+(C +C )cos (yHEJ ————d&‘dndydx,

(2.67

where

S X5 42
€ A2 .27y
- S P A fa
ff\/:“ (23.) sin adydx
xl 0

a f[e 7L2
N

In Eq. (2. 67)

,__\F‘/ - (2. 68)

since from Fig. 2-1(a), Xg=X] = b . Ain this case is the wavelength in material

medium corresponding to a certain operating frequency.
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Since this integration of (2. 67) could not be obtained in a closed form, computational
techniques are needed.

From the point of view of computational techniques a quadruple integral is
impractical to use. Therefore, the aim here is to reduce Eq. (2. 67) to a simpler
form. The simplification is going to be achieved by means of transformation of
coordinates. First change the limits of integration for x from X)>X,, to the
new limits 0 - b using a new variable x' . This corresponds to a shift of axis
as in Fig. 2-4.

The new variable x' is defined by:

X' = X-Xq .
Thus

dx' =dx .
Also, take

o=Vix-8 g0’ = Yot 5%y

To reduce (2. 67) to a double integral which is practical in numerical cal-

culation, another coordinate transformation is now performed.

yn=v , x'-€ =0,
y+tn=at+u , and x'+&=b+v

The above are equivalent to a rotation by 45°, translation and magnification by

V2! (see Appendix A and Fig. 2-5) . Notice that
. 2
—]kov(o*-l-xl) +'YZ

f('Y: M, o, V): (C —02) cos g 'Y+(Cl+c )COS Z'r(a'HJo) <
1 a 2" a 5.0
(otx 1) ty
This simplifies to
- jko (0"*‘X1) 2""72

(2. 69)

i LDV T
f(y, 4, o, V)= (Cl Cz)cosa'y (Cchz)cosau

€
fox)?ey?

where f is an even function in v, # and v.
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Then;

a b a-y (b-0) -k Vo) 242
T T Je
(C.-C_)cos -y-(C +C_)cos -u | ——======—dvdudody
1 0.’;.[)' J(.b E 2 a L2 a ] V(o+x1)2+‘>’2
U= —— o)
2C3) 2 o (b+o) -ik W
+ f f [C -C )cos 7 (C +C )cos ;z] —————dvdudody
1 o) 242 '
Yy Jo (o) G
(2. 70)

Performing integration in both v and u the expression for U can be reduced to

—Jkop
'[f2(b o)[C )(a- fy)cos 7—-—(C+C )sm——] dody

_jkop'
-[f 2(b+o)[C ) a- 'y)cos 7——(C+C )sin av 5 dody\ . (2.71)
“b

This is for A < 2a,

p' = V(0+x1)2+32,

.= 7 (1+R)
1 ik 2 “o ’

k(1+R) j‘e—o'

C_= 3 _—

2 Mo
3= -5 _(_A)z__a_b/g_'
28 2 Yu

R is the aperture reflection coefficient.

and

A further simplification can be made;
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Consider:

a 0 , -3 !
jkoP
_ T a . mf.]e dod
Il— 2(b+o)E(_31 Cz)(a 'y)cosa—l'y— - (Cl-kcz)sm? o %
0%-Db

a b —jkoP"

- | 26-09)(c-c,)(a-ncos Ty~ E(c4C, )sim T ] S — (2.72)
172 a’ 7T 1 2 a-d p" ’ )
0%

where
p" = r(xl—o)2+72 .
Therefore, Eq. (2.71) reduces to:

a b _jkopg "'jkop"
T a . Ty e e

= e— ~ — UV -+ — - .

U G ’I'EC1 Cz)(a 'y)cosa L= (Cl Cz)sm y ](b o) o + ody

0

p"

(2.73)

2.4 Tteration Procedure

It was assumed atthe beginningofthe analysis that the illumination of the
transmitting aperture is not affected by the scattered field from the receiving
aperture. This is a very good assumption if the two apertures are sufficiently
far apart. The assumption is not justified for very close spacings of the
aperture.

The interaction between a transmitting and receiving antenna as a result of
scattering can be described as follows. If a transmitting antenna is considered
completely isolated and matched to its line, then when a receiving antenna is
introduced into the field of this antenna there will be a scattered field as can be
seen from Eq. (2.36). This scattered field from the receiving aperture when
intercepted by the transmitting slot, in turn gives rise to a wave transmitted down
the feed line causing a mismatch. Also the transmitting slot gives rise to

scattered fields that again will be partly intercepted and partly scattered at the
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receiving aperture. Thus the interaction is due to a multiple scattering and
absorption process as can be represented by Fig. 2-6.
An analysis corresponding to the above explanation can be made. From Egs.

(2.173), (2.65) and (2. 66) then:

1+
Caem) YVSUTR r YS

-C, == . = (14R) | = - |

172 ]wuoaz jm ]wuoaz jm

C

C —Cz=(l+R) C4,

1
and
-+ =
Cl C2 (1+R)C5 ,
where
T wEo
N - I 2. 74
C4 juu a2 jm ( )
o
and
Wwe
=t (2. 75)
5 jwpgaz jm
a b . 1 : "
-jkgp' -k P
U=(1+R) o E (a-7)cosTy- = C szr__v](b_c) 2 i + ¢ i dody=(1+R)
C3 4 a T 5 a pl pn
’ (2. 176)
where
1 @ e-jkop' _jkop"
_ _ T a . T _ e
F——-B— fEJ4(a 'Y)Cosa - Cysin a’Y](b o) o + o dody . (2.77)
0%0

Now assume that the magnitude of the aperture illumination is (1+R). Then
the received aperture illumination will be (1+R)F for the first iteration. For the
second iteration there will be (1+R)F3 added to the results for the first iteration

and so on. Therefore the received aperture illumination is;

2
Ul= (IHR)F l__1+F +F4+F6+F8+ ce _:] ,

or F

UI=(1+R) 1—;—1;-@' . (2. 78)
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where Ul stands for the modified U. This iterative process has been described
rather simply due to the fact that the reciprocity property has been used. The
factor F of coupling is the same from transmitter to the receiver as from the
receiver to transmitter. The absorbed power or energy in the transmitter due
to scattering from receiver has been ignored since it is small compared t o the

original excitation.

2.5 Consideration of the Short-Circuited Waveguide Backing the Slots

2.5.1 General Discussion

The problem under study uses a short-circuited waveguide section at both
transmitter and receiver. The shorted waveguide section is fed by means of
a coaxial-to-waveguide probe. Consider first the effect of the cavity alone as
shown in Fig. 2-7.

The arrangement of the axis for formulation is taken as in Fig. 2-1 except
for taking z to be positive in the reverse direction. Note that the input impedance
seen at z=0 or at the aperture of the homogeneously filled waveguide with material

described by My and € and shorted at "{'" is:

tanh v _ £, (2. 79)

zgl(0)= v/ o1

gl

with the subscript ""g" referring to the field in the guide and the subscript "1"

referring to waveguide Number 1 . Also,

= + j .
V1™ %1 JBgl , (2. 80)

gl
and

Bg= =27 /Agl (2.81)
where Agl is the guide wavelength in the filled guide. If the attenuation
could be neglected, Eq. (2.79) could be rewritten

2T
Z (0)=Z .jtan — £, (2.82)
gl gl Agl
where
\/M1/€1
7z = 1 . (2. 83)

8l Vl‘(fc/f) — \/1'(fc/;)5

53



‘ALIAVD HLINOYIO-LYOHS :L-¢ "DIA

0

jxoys

o4



The real parts of the fields in the waveguide are:

Re(E_)=Usinwt sinl:i—”—- (z- ;} (2.84)

and

Re(HX): Z_[;_i coswtcos[;g—l- (z—!f.):l . (2. 85)

The standing electric and magnetic waves in front of the short-circuit are dis-

played in Fig. 2-8 in terms of >‘g1 the guide wavelength for Section 1.

The impedance z g(0) which is the input impedance at z=0 varies as shown
in Fig. 2-9. It is noticed from Fig. 2-9 that the impedance is zero at z={
which is at the shorted end of the waveguide. It varies from - to +oo at
ﬂ—kgl /4 and then returns to zero again at ﬂ—kgl /2 and so on. The pattern
shows resonance points at n )‘gl /2 wheren = 1,2, 3, ..., from the shorted
end and antiresonance at points n Agl / 4 where n=1,2, 3,..., from the shorted
end.

It is to be remembered that these resonances and anti-resonances do not
take into consideration perturbations due to the material or the perturbation
due to the feed probe into the waveguide. These effects can be included as
was done by Adams! and will be mentioned later.

For more physical insight, it is to be noted that if the waveguide is tuned
to a multiple of a half wavelength, then in this case if a short is placed on the
open end of the guide, as in Fig. 2-10, at z=0, nothing will be changed inside
the guide. The wave pattern in this special case can satisfy the boundary con-
ditions at both ends. On the other hand for the case of any arbitrary length £,
a phase mismatch results between the standing wave building up in front of the
shorted end at z={ and that required by the boundary at z=0. Destructive
interference takes place between the incident waves and the reflected waves at
the aperture (z=0) and therefore the amplitude of the standing wave decreases.
Note that the impedance expression (2.79) remains the same since the only require-

ment is that a wave entering from the aperture at z=0 is totally reflected at
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short end or z=£ and thus superposes with the returning wave to form a standing

wave pattern.

FIG.2-10: CONFIGURATION OF WAVEGUIDE WHEN IT IS
CLOSED AT BOTH ENDS.

2.5.2 Feed Perturbations

Perturbation of Metal Probe : The equation for the correction of the fre-

quency of resonance is

(i_—w—o _2V cos2 ZWdl - Wz 0082 ﬂdl (2. 86)
W, abd d k252 d |J° )
where . . . .
W, is the resonance frequency obtained without perturbation
V is the volume of the probe
and

dl’ d are as shown in the simplified equivalent circuit of a cavity slot
antenna (Fig. 2-11) .
a and b are the dimensions of the cross section perpendicular to the z-axis

as shown in Fig. 2-1 at the beginning of the analysis.
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Material Perturbation: The equation of material perturbation compensation

is given by:

w—wo _ 2V1 k232_72 Au 9 7rd1 c inz 7rd1 0,87
w abd 2 2 7 d € d ? )
o k a

and for dielectric material, ur=l degenerates into

i _ 2V Ac sin2 Z.T_C.l.l (2. 88)
wo abd € d ’ )

where
V1 is the volume of a cylindrical hole in the material,

d
an W, is the resonance frequency without perturbation.

It is to be noted that the resonance frequency of the cavity corresponds to the
resonance frequency for the coupling. This fact will be shown in a subsequent
chapter on experimental work. The Smith chart can also be used to obtain

frequencies as was done by Adanmsl

2.5.3 Resonance Frequencies and Bandwidth

As can be seen in Section 2. 5. 2 where are several ways to obtain the un-
perturbed resonance frequencies. The resonance frequencies could be obtained

from the equation
g
_ £=n-:-2— . (n=1,2,3,...) . (2. 89)

Another way to do this is by consideration of Eq. (2. 79) which is:

Z = i
gl(0) zgl tanh -y

gl
Then
1 1
= - + i 2
Ygl(o) Zgl(o) Zgl coth (ozg1 JBgl) , (2.90)
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where

Ygl(O) is the input admittance to the cavity,

U 1 f k]
1 c.2 .
Z  =[— 1-(=) as defined before,
gl € f
f
ozg1= LA“ e'[ ¢l+tan26 —1] [l—(fg)z] s

1 f .
Byr® w/‘%—- { 1+tanZs —1} [1-({-)2]

1
“e1 E'{+tan26_;—1]

—

Ber  { [fitanZs +1]

where tané is thelosstangent of the material and

and

Then

e* = et -je .
From (2. 91), since

k0= Wk Eo

a .= ko\l % HE, { Yittan? 6 -1} [1-(%‘-’)2] ] ,

then

where

(2.91)

(2.92)

(2.93)

(2.94)

(2. 95)

M and Er are the relative permeability and permittivity of the material.

For the case of dielectric material with a low loss tangent, Eq.(2.95) can be

rewritten as:

=k tan25 fc 2 '
agl B o\/“—r?r 4 I:l_(_'f—)-.l ’

since
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Therefore
fc 2
agl_ (ktan 6/2)\/1_(T ) B (2.97)

Now Eq. (2. 90) becomes

cos(a +jB )M
Y(0) = == e
- ERYAR
Zgl sm(ozg1+]Bg l)
but
coshZ lﬁcoszﬁ l£+sinh2a llsinZB 12
|coth(e+ipye | = [—u B B2 B8 (2.98)
i £ £+ £si £
sinh agl cos Bgl cosh agl sin Bgl
Therefore
€ € coshzoz ﬁcoszﬁ L+sinhZa ﬁsinzﬁ £ 7
2 _or fe 2 gl gl gl 1
Iy5o] === { 1- () 5 5 5 5 . (2.99)
r i £ £+ £si £
sinh agl cos Bgl cosh agl sin Bgl

Since the energy delivered to the waveguide varies with |Y2(0) | then by com-
puting Eq. (2. 99) for various frequencies it is possible to obtain the unperturbed
resonance frequencies and also the bandwidth as will be shown in Chapter IHI.

To approximate, roughly, for the bandwidth of a cavity with low loss
material in it and for small phase deviation @A from resonance, insert in

Eq. (2. 99) the approximate forms;

2 2 2
i 2 4 4
sinh agl —>(ozgl ) , cosh ozgl —> 1,
. 2 2 9
2
sin Bbl —> A , and cos Bgll —> 1.
Then
€ €
2 r fe 2 1
lY() = = {1-(~f9) } [2 2] (2. 100)
Hotr A @)

But for resonance, the approximation condition is that £ should be an integral

multiple of the half wavelength or,
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alnkl al
o —~ B 8 . &, (2.101)
gl 2 By

Consider that |Y(0)| 2 falls to its half value, when the section is detuned from
resonance by a change in phase .

% + agl

— =_ 5= n7T . (2. 102)
2 Bgl

A=

This is equivalent to a change in the resonant length by I A Zh/2 . put

AZ. 2
h gt Sh + 8L, (2. 103)

a
- - g
2 27 2 Bgl

Alternatively, the phase shift can be produced by changing the input frequency
Aty

from its resonance point fo to fo ¥ 5 Therefore
AZ Af o}
h "~ n _ gl
7= I 2 B . (2.104)

gl
From another viewpoint Eq. (2. 104) indicates that the bandwidth for the case

using low loss material is approximately equal to the loss tangent (see Fig. 2-12

for symbols defined above) .

2.5.4 Waveguide Wavelength )tg

In general there are multiple modes in the waveguide with dielectric material
filling of relative permittivity €, .

The general formula for waveguide wavelength is:

A= = (2. 105)
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where
A is the wavelength of the TE  mode,
no no
)Lo is the free-space wavelength, and

a is the dimension of the broadside of the waveguide.

For example, for the assumption of the dominant mode TE 10 in the section filled

with the dielectric material,
Y =
Ouo)g

where fc is the cutoff frequency of the filled guide and

f = ——— . (2. 106)
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Chapter III
NUMERICAL ANALYSIS

3.1 General

Since some of the formulation was not obtainable in a closed form, ex-
tensive use was made of The University of Michigan's Computing Center
for the evaluation of these integrals. The IBM 360/67 digital computer has
been used in most of these calculations.

The Fortran programs for each case were written and compiled using
the *Fortran compiler and both the Fortran programs and the object pro-
grams were stored in the IBM 360/ 67 memory. After the specific program
was cleared of errors and made operational, the Fortran program was des-
troyed from the file leaving only the object program, thus releasing storage
space. Then the object program was available for either a 'batch job! or for

MTS (Michigan Terminal system through teleprinter).

3.2 Calculation of Reflection Coefficients at the Aperture

The first program was written to find the. reflection coefficient, R, at the
aperture. Since there was already an analysis of this in the literature, rather
than duplicate that of Adams 1, a careful examination was made and some
slight variations were introduced.

The formulas which have been used in computations of the normalized

conductance and susceptance are;

2;4 (k a -7 )
a (b-o)| 7 (a- y)cos? +a-—smm]
T a blk a -m
sin(ko )/';/2+0'E )

}/;2_? dody (i)
+0

66



2;1 (k a -7 )
%3— =53 sz(b—o)[(a-'y)m——sm%y

0O T a b k2a2-7
cos kom
’Yz+o
Since both (i) and (ii) have a singularity at the origin, a small rectangle was

considered with sides of ratio Q to the original dimensions of the slot, or,

dody (ii)

namely, Qa and Qb .
An approximate formulation was then developed for that area and these

were:

C C
- -2 0.5+ 1

22 9
g lka-m Q2oL ) Q3. P
Y a 4

T Jk2a2—7r2

+ 2.06Q5- . 616 Q;] , (iii)

J

— -1 £
2 - - (d -)+g— ( l)( d-1 Q
Y k2a — ) 222 2D
C
252 ghb,22 2 (Bi ?
+ --—-(2 +k )+ 12'—3 (koa -7 ) ———3

a
b2 N\ 1bd, . 22 213
( (d- 1)+ ( d 1))-— —(2k a®1%)|Q
(iv)
where 0 =tan_1 E s

1
01

f—logtan(—+ )

4
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g = log tan—1 s
2
’bi '
d=|—+1=sec 6
a2 1
22 2
C; = koa +
and
D1 =k2 a2—7r2
o

The change was mainly in Eq. (iii) where 1 / Mp€, Was used rather thanm. .
The contribution for the small area around the origin was calculated by (iii)
and (iv) and was compared with the polar coordinate integration on the same
area. A good agreement was obtained. The rest of theintegration was performed
by cartesian integration using Eqs. (i) and (ii). The two results were added to-
gether to give G/Y_ and B/Y,, -

The change in Eq. (iii) has helped to stabilize the integration with respect
to both the parameter Q and the number of divisions to be taken in using
Simpson's rule. An example from the computer calculations is shown below
using Adams' formula (2. 54) and the corrected one (iii). Using Eq. (2. 54),
Adams 1, with other equations to calculate G/ Y, B / Y, gave these results.

Case (a): For b/a =0.444, u,=3.0, €,=3.0, NS=30, NL= 50 where NS and

NL are the divisions for the integrations and Q = 0. 05,

| = 0.2542843 B, = -0.9999304
G} = -0.1218292 B} = -0.9656234
G, = -0. 3980840D-01 * B, = -0.5975625
Then g = 1. 100000, G/Y, = 0.9264673D-01, B/Y = -2.563116

where Gr1 and G'l are for the integration outside the small rectangle around the

origin. Similarly, B, and B'l give the susceptance for outside the small rec-

1
tangle. G2 and B2 are for the integration over the small rectangle around
the origin, and FN is the normalized frequency.
FN=ka[71 . (3.1)

“Note: -0. 3980840D-01 = -0. 03980840
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Case (b); For the same parameters as in Case (a), except for the

change Q = 0. 01;

G, = 0.1476497 B, = -2. 064409
G} = -0.2789158D-01 B} = -0.3865364
G. = -0.1711596D-02* B, = -0. 1254613
Then 2 2
FN=1.100000,  G/Y,=0. 1180465, B/Y,=-2.576407

Case (c); For the same parameters as in Case (a), except for Q=0. 1;

Gl = 0. 3695354 B1 = -0, 2567721

G'1 = -0. 2024414 B'l = -1. 190663

G, = -0. 1437410 B. =-1.118208
Then 2 2

FN=1. 100000, G/Y0=0. 2335299D-01, B/YO=—2. 565642

Note that corresponding to the change in Q, there is a significant change in
G/Y,. This should not be so distinct. However, using Eq. (iii)
along with the others, the computer gave these results.

Case (1); For b/a = 0. 444, p,=3.0, €. =3.0, NS = 30, NL = 50 and Q=0. 05.

r
G,= 0. 2542843 B, =-0. 9999304
G'l= -0. 1218292 B‘1= -0. 9656234
Then Gz = -0. 1326947D-01 B,= -0. 5975625
FN=1. 100000, G/YO=O. 1191857, B/Y ,=-2.563116

Case (2): For the same parameters as Case (1) except Q = 0.01.

G = 0. 1476497 B, = -2.064409
G} = -0.2789158D-01 B) = -0.3865364

Then G,= -0.5705321D-03 B,= -0. 1254613
FN=1.100000, ~ G/Y_=0.1191876, B/Y,=-2.576407

0. 1711596D-02 = -0. 001711596 .
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Case (3): For the same parameters as Case (1) except Q = 0.1,

Gl= 0. 3695354 B1= -0. 2567721
G'1= -0. 2024414 B'l = -1, 190663
G2= -0. 4791366D-01 B2= -1.118208
Then
FN=1. 100000, G/Yo=0‘ 1191803, B/Y0=-2. 06542,

Note that G/ Y, and B/ Yo are more stable with the change of Q. Also, in
choosing Q to be very small, both results come very closely together. Also,
a variation of the number of the divisions for the integration has been made
according to formula (iii) rather than (2.54), Adams 1, and thus gave these
results.

For b/a=0.444, €,=10.0, p,,=10.0, N8=30, NL=50 and Q= 0. 05,
then gy = 1.5 gives G/Y_=0.1134798D-01 and B/Y,=-4. 186671
Keeping all the parameters the same as before except NS=100 and NL=100, then

FN=1.5 gives G/Y,=0.1134785D-01 and B/Y = -4.189243 .

These indicate that there is no error of 2.5 percent in the value of G/Y0

1

which has been claimed when Eq. (2. 54) of Adams™ was used.

The reflection coefficient can be obtained from G/ Y, and B/Y :

1-R _ .
R = G/, i B[Y, . (3.2)

Using the computer, several values of €, were considered as well as different

values of the ratio b/a as shown in Figs. 3-1 through 3-5.

3.3 Calculations of the Aperture-to-Aperture Coupling Between Slots versus

Frequency
3.3. 1. General Discussion

A computer program has been written to calculate the coupling between two
parallel slots in an infinite conducting ground plane. Since the formulas to predict

the coupling as shown in Chapter II could not be obtained in a closed form they
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were evaluated by numerical calculation using Simpson's rule of integration.
The program was devised at the beginning to calculate the coupling versus
frequency (normalized freqﬁency, FN = ka/7). The parameters which were
considered variable in this case were the dimensions of the aperture 'a' and
'b!, separation of the slots from center to center, the permeability and
permittivity of the material loading. The object program was stored in the
memory of the IBM 360/ 67 in such a way that the input data required by the

program were a, b, u,., € X4 (separation of center to center) and the

rs
range of frequencies over which the calculations are required. For example,
if the frequency range is between a normalized frequency FN1 = 1.1 (which is
just over the cutoff frequency of the guide), and FN2= 2.0 (which is the upper
range of the frequency), then the program would call for repetitive calcula-
tions for the desired frequencies. The desired frequencies can be chosen with
a uniform separation DFN (divisions of FN). The cutoff frequency corres-
ponds to the normalized frequency of 1.0 .

For example, if it is desirable to make calculations at intervals of 0. 1,
from 1.1 to 2.0 (normalized frequency), then DFN = 0. 1. Then the number
of repetitive calculations = FN2-FN1/DFN =(2.0-1.1)/0.1=9 and

FN2-FN1+

NFN = DEN

1.5,
where NFN is an integer,
FN = FN1 + (NFN-1) «DFN |,

where * is the Fortran multiplication symbol and NFN takes the values of 1
up to 10.

The relation between the normalized frequency and frequency depends
on the size of the guide . It also depends on the parameters of the material

loading.
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Since

FN =ka/n (3.3
h
WACEE k=21 /n (3. 4)
or
k = kO iy €y (3.5)
and 2T o O (3. 6)
0 >‘o 0o0
Then
p-INX03 (3.7

2a ‘}u r&r
The cutoff frequency

f =—93  GHz , (3.8)

where a is taken to be in meters, and FN is the normalized frequency

which is dimensionless. A scale can be obtained between FN and f for dif-
ferent values of waveguide parameters and material loading. Consider the
case of dielectric loading where y.= 1, €.=15, a=0. 02286 meter and

b = 0. 01016 meter (the dimensions of standard x-band waveguide). The cutoff

frequency in this case from Eq. (3. 8) is

¢ - 0.3

¢ 2x0.02286 x V1. x 15

In the following tables, correspondence between FN and f in the S-band

= 1.6942 GHz .

range is shown for different parameters of material loading.
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TABLE 3. 1; ur=l, €15, a = 0.02286m., b=0.01016 m.

FN = 71‘- f (GHZ)
1.0 1.694
1.1 1.864
1.2 2.033
1.3 2.202
1.4 2.374
1.5 2.541
1.6 2.711
1.7 2.880
1.8 3. 050
1.9 3.219
2.0 3. 388
2.1 3.558
2.2 3.727
2.3 3.897

TABLE 3. 2: ur=1, €r=ll, a=0. 02286m. , b=0. 01016m .

FN = 2 f (GHz)

— T
1.0 1.978
1.1 2.176
1.2 2.374
1.3 2.572
1.4 2. 770
1.5 2.968
1.6 3.165
1.7 3.363
1.8 3.561
1.9 3. 759
2.0 3.957

TABLE 3.3: u,=1, €,=7, a=0.02286m., b=0.01016 m,

FN = % f (GHz)

. 480
. 728
. 976
.224
. 472
. 720
. 968
4.216

T = T T o S Sy
1O Ul i WO N~ O
W W Wwwh NN
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TABLE 3.4 pp=1, €,=1, a=0.07136m., b=0. 034036m. (S-band)

FN= l—:—? f (GHz)
1.0 2.102
1.1 2.312
1.2 2.522
1.3 2.733
1.4 2.943
1.5 3. 153
1.6 3.363
1.7 3.573
1.8 3.784
1.9 3.994
2.0 4,204

TABLES. 5a: uy=1, €,=1, a=0.02286m. ,b=0. 01016m . (X-band) "

FN--2& £( GHz)
T
1.0 6. 562
1.1 7,218
1.2 7.874
1.3 8.530
1.4 9. 186
1.5 9. 843
1.6 10. 499
1.7 11. 155
1.8 11.811
1.9 12, 467
2.0 13. 123 |
TABLE 3.5b : =1, €_=1,a=0. 0157988, b=0.0078994 (Ku-hand)

FNJ%l £ (GHz)
T1 10, 444
1.2 11. 393
1.3 12. 343
1.4 13. 292
1.5 14,242
1.6 15. 191
1.7 16. 140
1.8 17. 090
1.9 18. 039
2.0 18. 989

"S-band (2. 6 - 3.95 GHz); X-band (8.2 - 12.4 GHz): Ku-band (12. 4 - 18. 0 GHz)
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Note that FN=1. 0 corresponds to the cutoff frequency and the Table 3. 6

indicates how the cutoff frequency depends upon the values of €, of the dielectric
material for a fixed waveguide with transverse cross section of a=0. 02286,

b=0. 01016 meters (standard X-band waveguide).

TABLE 3.6: u, = 1.0, a=0.02286m., b=0.01016m. (X-band)

€, £, (GHz)
1.0 6. 5617
2.0 4. 6398
3.0 3.7884
4.0 3.2808
5.0 2.9345
6.0 2. 6788
7.0 2. 4801
8.0 2. 3199
9.0 2. 1877
10.0 2. 0750
11.0 1.9784
12.0 1.8942
13.0 1.8199
14.0 1. 7537
15. 0 1. 6942
16. 0 1. 6404

Therefore the cutoff frequency for standard X-band waveguide filled with
dielectric material versus €, is as shown in Fig. 3-6.

The coupling was calculated without the iterative procedure of Section 2. 4.
To compensate for the interaction between the two slots, especially if they are
very close to each other, the iteration factor was included in the evaluation.
On this basis the coupling was obtained. As expected the effect of the interaction
becomes more noticeable if the two slots are very close to each other in wave-
lengths. Of course, the separation in wavelength depends on the separation of
the guides in the physical layout. For a given physical separation it also
depends on the operating frequency. For example, if the physical separation were

kept constant and the operating frequency were swept higher, in effect, the separation
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in wavelengths of the two apertures increases . Also it was noticed that the
value obtained with the iteration converges to the one obtained without iteration
for large separation of the slot antennas in wavelengths.

To formulate the coupling from an assumed illumination of the transmitting
aperture and to evaluate the corresponding illumination of the receiving aperture

consider the Poynting vector P .

Therefore, the average received power in the receiving slot is:

b a
P = i 7.!..3.,. __.@. *os ﬂh
PavReff (Usma 9{) x ( WU s1nay) dy dx
0%0

b _a )
2 -
= -Re ff ful -EsinZH dydxj,
W a
070

where the negative sign indicates that the power flow is in the negative direction

of the z-uxis shown in Fig. 2-1.

= 8o
Pav 2 W

o

=
c
v

where

L

1.2 ,1 .2
B=2m )/(X) - (55
Similarly, the transmitted power can be obtained.

Pr il
C (coupling in dB) = 10 log10 T =10 log

lamplitude of TR aperture illum.l 2

—

=20 1o vl
B 810 [amplitude of TR aperture illum)
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For the calculations the amplitude of the aperture illumination was assumed to
be 1+R.

Several curves of coupling versus frequency were evaluated for both empty
and loaded operation of the waveguide cavities. Of course, it should be noted
here that this is the coupling from aperture to aperture; the effect of the backing
cavities is not taken into consideration at this point but will be later on.

3.3.2 Empty Waveguide Case

For the case of empty waveguide the effect of the cavity is less pronounced
than in the case of loaded cavity. This is because in the case of the empty cavity
the bandwidth is wider than in the case of the dielectric loaded cavity.

The bandwidth for a low loss material is approximately equal to the loss
tangent. The graphs obtained for empty or air-filled cases show very good
agreement to the order of a fraction of dB with the theoretical counterpart as
in Lyon et al 2 . Also it is within approximately 1 dB of the experimental
results as will be seen in Chapter IV. But for the case of the loaded slot, the
effect of the cavity has to be added and then the comparison can be made. The
coupling versus normalized frequency for the case of empty S-band waveguide of
dimensions a=0. 07136 m., b=0. 034036 m., is shown in Fig. 3-7. The separation
of the two slots (center-to-center) is 0.075 m., and the range of variation of
frequency is from 1.1 to 2. 0 on a normalized scale. The relation between the
normalized frequency and frequency in GHz is given in Table 3. 4.

In Fig. 3-8 the coupling versus frequency is shown for the case of the empty
X-band waveguide of dimensions a=0, 02286 m., b=0.01016m., for a separation
of 0. 114m., and a range of frequency between 1. 3 and 1.9 normalized frequency
(see Table 3.5 for corresponding real frequencies) . Notice in both cases that
the coupling pattern drops with an increase of frequency according to a 6 dB/
octave frequency characteristic . Also, the differences between curves, with
and without interaction between the two slots, decreases as the separation be-

tween the two slots increases (see Appendix B ).
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Then the coupling for a pair of Ku-band slots spaced at 0. 114 m. from each
other was studied. The coupling was calculated at different normalized fre-
quencies(see Fig. 3-9). The results agree with Fig. 4-6(b) in the chapter on
experimental investigations.

3. 3. 3 Dielectric Loaded Case

Several graphical curves have been evaluated for standard X-band waveguide
with dimensions a=0. 02286 m., b=0.01016m., filled with dielectric material of
€.=2,3,4,5,7,11,15 and 20 (see Fig. 3-10, a-»h). Notice that x; = 0.013m.,
corresponds to two slots put next to each other or metal-to-metal contact. It
is very interesting to note that the coupling in this case does not follow the
6 dB/octave of frequency trend as in the case of empty slots. The variation
depends on the material loading parameters. It is to be noticed that the lower
the permittivity number, the more the variation is restricted; in some cases it
is about constant, as in Fig. 3-9. For the higher electric permittivity the
curve goes to a minimum with increasing frequency and then rises. For a
large portion of the frequency band the variation is confined to about 2 dB. Also
since the coupling level is low in this case the iteration process has little
effect (see Appendix B). Of course, it should be remembered that this coupling
is aperture~to-aperture and does not take into consideration the resonance
cavity which is feeding it.

3.4 Coupling Aperture to Aperture versus Spacing

3.4.1 General Discussion

The computer program of Section 3. 3. 1 was next modified to permit
variation in frequency for a fixed spacing and to obtain the corresponding
coupling level. Also for a fixed frequency the program provides for variation
in spacing between the slots and then the evaluation of the corresponding coupling
level. Therefore, upon supplying the proper data, the computer will evaluate

coupling versus frequency or coupling versus distance according to need.

86



“0°1="> ‘0'1="" ‘"WHEESL0O0 '0=9 ° "WGYGESTO "0=F
‘XONANOTLL SA  WHTT *0=TX DONITINOD ANVI -1 QUVANVIS ‘6-& DLI

NI _T? 0% 61 8l LT 9T &I ¥ g1
- QM|
S~ T 8s-
/c/ - LEe-
/-/ -+ wml.

—~

(gp) Surrdnop

87



©0°2=" ‘0 1= "wgro "0="x *WITOTO '0=9 ‘ "WYgZZ0 "0="
SIOTS AAAVOT 40 ODNI'TAN0D ANVId-T TUNIHAJIV OL AUNILYAJVY :()0T-¢ DI

—— "Z,m o“qm mn..m 81 LI w.q.m G'1 71 €1 ¢, 1 T°T
4 c1-
- - - - i T,hbll// s
L m.ﬂl
o NH.I
> IM.H.I
|

(gp) Surrdnop oanjaady

88



“0°'g=T> ‘0°1=M ‘wgro0=Tx ‘*w9T0T0 0=9 ° WY8ZZ0 '0=®
SLOTS AIAVOT J0 HNI'IAINO0D ANVId-H HIALIAAV OL FINIYAIV (4)01-¢ 'OIL
_ Nd 0,2 6T 81 LT 9'T G'T v e°1 21 1°1

+
Q
7

x

|

%

- 91—

1

(ap) Surrdnop sanjredy

89



"0p=" ‘0°1=M ‘'wgro 0=Ix ‘w9T0 0 "0=q ‘"w98gg0 "0=®

SLOTS AIAVOT 40 DNI'TINO0D ANVId-T TUNIYAIV OL TEINLYIALV :(9)01-¢ DIA
NI 0z 67T 8T LT 9T ST HT g1 gl 1T
\\\ 3

1

ﬁ

0¢-

61-

81~

LTI-

(gp) Burrdno) sanxody

90



*0°¢="5 ‘0'1=" ‘‘wmgr0-0=Ix ‘w9070 0=q ‘ "W9gZZ0 ‘0=¢
SLOTIS IAVOT A0 HNI'TANOD ANVId-T TINLUYAJV OL TUNILIAJIV (P)OI-¢ "HDIL

NI 0°Z 6°1 8T LT 91 S'T  F'T €T 21 1°1

de P
d 2

ve-

A

(A

61-

8T-

(gp) Surrdnop aanjredy
91



tu="> 1= rwigro 0=Tx < 'm9T10T0°0=q ‘ "w9gzZ0 0="
SLOTS @AAVOT J0 DNI'TANOD ANVIA-T TUALVAIY OL TUNLYAJY :(0)0T-€ DI

_ NJd T'Z 03 6T 8T LT 9T ST BT €71 21

T

T

(gp) Burrdno) sanjredy

92



1=ty cp=tn "weT0°0="% *w9T070°0=q ‘ "W98ZZ0 0="
SLOTS @IAvOT 10 DNITdNO0D ANVId-T TYNLYIdV OL JYNLYAIV *(3)0T1-€ "DId

NI _2°¢ Le 0,2 6.1 8 «H! L .m 91 S V.1 €1 q'1 T°T

n
* * ¥ LA T

¢ —+-

.1\\\.\\:\

(gp) Burrdnop sanmzedy
93



- g1="> 1=11 "wgr0-0=Tx* "WITOT0°0=9 * "W9gzZ0 =2
SLOTS @IAvOT J0 HNITINOD ANVII-T TUNINAIY OL TUNIHAAYV :(B)0T-€ "OId

I

T

(K4 1°¢C 0,¢ 6,1 81 LT 9.1 G'1T Vol e, I (!

A A

r
|

g + ’ v

0¢e-

(gp) Surpdnop sanjxedy

94



" 0g="> ‘1="r‘ wgr0°0=Ix  "W9TOT0°0=q ‘ "W98EZ0 0="
SLOTS QIAvOT 0 DNI'TANO0D ANVIJ-T TINLYAJV OL TINLYAJYV *([@)0T-€ "DII

NI §'2 %2 e’z 22 12 02 61 8T LT 9'T ST %I €T 2T I'1
Ll L [ ] T L 1 1 d 1 1

e e —
-/r

/.4

/ +0g-

4.
/+ T62-
/ 482~

LTGNI

=[E-

nval

(gp) Suridno) sanjxedy

95



The increment in spacing for calculations was taken to be smaller in the
range from 0. I up to 21, namely every 0. 1x to show in more detail the effect
of interaction between the slots which is more pronounced for closer spacings.
From a spacing of 2X up to 10 it was varied in steps of 1)A. Also the
modified program included the program of Section 3.2 as a subroutine which
could be called upon to evaluate the aperture conductance and susceptance; also
the aperture reflection coefficient can be obtained as shown in the examples of

the computer output given in Appendix B.

3.4.2 Graphs

3.4.2(a): Figure 3-11 which is drawn on semi-logarithmic paper represents
the coupling in dB versus spacing in wavelength. (see also Appendix B ).

As has been mentioned before the effect of the interaction between the two
slots is noticeable for closer spacings. For slots further apart in wavelength
the differences due to interaction is very small. This curve agrees within a
fraction of a dB with Fig. 4-4 of Lyon et al? .

3.4.2(b): For the loaded case of aperture-to-aperture coupling it is shown
in Fig. 3-12 that the approximation of 6 dB/octave of spacing is quite good .
Notice in this case spacings can be smaller than 0. 4x as in Fig. 3-11; for
this case the parameters of the guide are a=0. 02286m., b=0.01016m., and
it is filled with dielectric material with relative permittivity of 11. 0. The
operating frequency in this case is S-band; therefore it was possible to go down

to 0.1 A,, where 2 is in the free-space wavelength (Fig. 3-12).

3.5 Evaluation of the Cavity Effect

Due to the loaded cavities which are backing both transmitter
and receiver slots, as shown in Fig. 4-2 of Chapter IV, the resonance
and anti-resonance points become very distinct. These waveguides
can be considered as a five-sided cavity as was explained in Chapter II.

An approximate way for rapid calculations of the resonance and anti-

resonance points can be made according to the analysis in Chapter II.
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For resonance points:
A
£ =n?g (mh=1,23,...)
where { is as defined before (length of the cavity) and Ag is the waveguide
wavelength.

For anti-resonance;

Ag
,e I ) e =
n—= n=12,3...).
A formula has been developed to predict the resonant frequency; likewise another
one for anti-resonance could be developed.

For resonance:

A
= __g.
£=n 5o
but
y o 1 _ 3x1010 1
& ykHp&y ﬁ (fc )2j J“I‘Er sz—; ’
- (<= c
f
2=n 3x10'0 1
2 /22
‘//Jr€r -1,
Finally
0.15n 2,
S } +£2  GHz (n=1,2,3...) (3.9)
llprer

where { is in meters,

g oL ._03 _ 015 . (3. 10

o = =
Za/,u € Zu/,urér' a|/ur€r
where a is in meters. Therefore

w1
2 g2

0.15 (3.11)

Hr€e
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It is to be noted in the empty or unloaded cavity “r=1 and €,=1. Therefore

Eq. (3. 11) becomes

n? 1
f =015/—=+—, @=123,...) (3.12)
res. 22 g2

By comparing (3. 11) and (3. 12) note that the resonance frequency is determined
by the broadside length of the aperture 'a' and the depth of the cavity. It also
depends on thé parameters of the material loading.

Another way to find the resonance of the cavity and at the same time be able

to predict the bandwidth is by means of Eq. (2. 79) in Chapter II which is:

= i Y
Z(0) Zlgtanh (a/lg+_]Blg) s

or
1
[—J—— i Y/
Y(0) Zlg coth (ozlg+3 Blg) ,
and
coshza fcoszﬁ £+sinh2a EsinZB ]
| 2 1 g lg lg lg
Yo = 2 2 2 2
i £ si £
|Zlg sinh algﬂ cos Blgz +cosh alg sin Blg

This last equation is pr'oportional to the power received. A computer program

has been written for this equation to evaluate lY(O)l2 versus frequency. The
output of the computer is best presented by means of the plots shown in Figs. 3-13
to 3-16. These graphs were plotted directly by means of the University of Michigan
Digital Plotting System. An example for calculating the resonant frequency cor-

responding to the half-wavelength method is given below.

Example 1
For a = 0.02286m. ,b=0. 01016m., £= 0.031m,, €r= 7.0, “r =1.0,

fc = 2, 48008 GHz.
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Forn=1

£ res.=ﬁ% %— +;1-2- = 3.08163 GHz.
For n= 2
f5 pes. = 4. 41935 GHz.
Example 2
For a=0, 02286 m., b=0.01016m., £=0.031m., M= 1.0, €, = 11.0
fc = 1.97842.
Forn=1
f] res. = 24583 GHz.
For n= 2
fz res. - 3. 5254 GHz.

Now consider the perturbation formulas applying to this case.
the metal probe and ;.Lr=l, €,= 11.0,
diameter = 0. 1143 cm. (metal probe)
projected length inside the guide = 0. 47498 cm.
d1 = 2.48792 cm d2= 0. 60706 cm
d = 3. 09498 cm,

Here dl’ d2 and d are as shown in Fig. 2-11 of Chapter II.

Then
W L2V [ g 2md; 7’ <2 mdy
=+ — |cos - cos® ——
W, abd d K2 d
Now take
f=2,4583
then _2rxf _
k= ko "“r er' = ; 1010 Mp €, = 17.0674876.
X
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Now

(dia)”
V= 71—-—:"—— x length = 0. 0060943 cm>
and
2V 2x0.0061 172

E:osz(289; 39)-

2
abd ~ 3.286xL. 016x3. 10 cos (144, 69)]

(17.07x 2. 286)
- 0. 0017 [sin’(19. 39) 0. 00645 sin®(54. 69)]

- 0. 0017[(0. 33199)%-0. 00645 x (0.816)?]

= 0.00018 (this is very small).

For the material filled hole or cylinder around the probe consider it to be
filled with polystyrene having a dielectric constant of 2. 54 and at the range of

frequencies considered.

= - sin™ ——
Wo abd € d

Wy gy [.Ae g Tdy

diameter of the cylinder = 0.55118 x 1072 m.
length of the hole = 1. 016 x 10~2 m.

In the above A€ is negative or positive corresponding to changing to a lower

or higher dielectric constant respectively. The volume is easily found to be

9
' =-3T—-§Lilf‘—‘>— = 0.2423 cm® .
Also
oV
== = 0.0675.
Also
Ae 2.54-11
B -T2 - 07691,
Therefore
W-W
wo = ~0. 0675 [:—o. 7691 x cos? (54. -69)] - 0. 0173435 .
) ,

The total perturbation = 0. 0175 or 1. 75 percent.
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Therefore fl should be = 2. 4583 (1+0. 0175)= 2. 501 GHz. For the other peak

the material perturbation is the same but the probe perturbation changes because
of the factor k in the formula. The metal probe perturbation at 3. 5254 GHz is
now found;

W=

\2_ 9.8596 x (0.816)*

]= 0. 0001792,
(24. 48)2 x 2.286

=0.0017x EO 33199
Wo

Then for 3. 5254 GHz the total perturbations are 0.017522. This is not much
different from that at 2. 4583 GHz. Therefore,

f2 = 3.5254 (1+0. 017522) = 3. 587 GHz.

Notice that these values are very close to the experimental measurements
(see Fig. 4-7in Ch.IV). There is good agreement considering the errors in
measuring the dimensions and the experimental errors of instrumentation.
Also, there might be some variation due to a slight change in € r with a change

of frequency.

Example 3
For a = 0.02286m., b=0.01016m., £ = 0.031 m., Mo, = 1.0, €r = 15,0

f,=1.6942 GHz (cutoff frequency)

Using Eq. (3. 11) the resonance frequencies are;

For n=1
f = 2,105 GHz .
1 res.
Forn=2
f = 3.01899 GHz .
2 res.
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Example No. 4(a)
For a = 0,02286 m., b= 0.01016 m., £ = 0.1015 m., u =1.0, € =15.0

the following corresponding resonant frequencies using Eq. (3. 11) are :

n=1 f1= 1.7368
n=2 fy = 1.8583
n=3 f3 = 2.0448
n=4 f, = 2.2804
n=5 f- = 2.5516
n=6 fg = 2. 8482
n=7 f7 = 3. 1631
n=8 fg = 3.4913
n=9 fg = 3.8293
n=10 f10 = 4. 1750

Example No. 4(b)

For a = 0. 02286m., b=0.01016m,, £=0, 1015m., ur=l.0, €r=ll. 0, the
resonance frequencies using (3. 11) are

n=1 f1 = 2.027
n =2 f5 = 2. 169
n=3 f3 = 2.388
n=4 f, = 2. 663
n=5 f5 = 2.979
n=6 fg = 3.325
n=1 f- = 3.694
n=8 fg = 4.077

Example No. 4(c)

For a = 0.02286m., b=0.01016m., £=0.1015m., u.=1.0, €,= 7.0, the

resonance frequencies using (3. 11) are;

n=1 f1=2.54:
n=2 f2=272
n=3 f3 = 2.99
n=4 f; = 3.338
n=>5 f5=3.735

Note that these resonance frequencies agree with the digital plots shown.
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Example No. 5.
For a = 5", b = 2", £ = 3/211, Py = 6. 63 and 61‘ = 12,6,

f, = 129, 2246 MHz,

Using Eq. (3. 11) the resonance frequencies are;

11

1 f, = 449715114 MHz
2 f) = 871.135869 MHz
3 f, = 1.298692  GHz

=2 =~
it

3.6 Evaluation of Coupling

From Sections 3.3 and 3. 5 the coupling of two loaded guides opening into
a perfectly conducting infinite ground plane can be obtained. From Eq. (2. 99)
in Chapter II which is:

coshza 1 00823 £+sinh2a ﬂsinZB L

2__1 lg lg lg lg
|z, || sinh“e. fcos B, L+cosh a. Lsin B, £

lg lg lg lg lg

the power received is proportional to this factor. Therefore by multiplication

of this equation by an appropriate factor and adding to the coupling from aperture
to aperture in dB the total coupling can be obtained. Also the resonance frequency
and the theoretical bandwidth can be obtained. The effect on the resonance fre-
quencies due to the material perturbation and metal probe perturbation might be

taken into consideration as in Example No. 2
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Chapter IV

EXPERIMENTAL INVESTIGATION

4.1 General Discussion

All the experimental work was performed in an anechoic chamber. The
chamber dimensions were 50' x 30' x 15', with an aluminum ground plane,
12! square by 1/8" thick mounted in the center of one of the 30' walls (see
Fig. 4-1). The nine individual sections of the ground plane were joined by
2" wide aluminum tape to form an electrically continuous surface at micro-
wave frequencies. The center section has a removable 2'x3' section for the
test antennas. Within the 2'x3' part there was a removable circular disk of
14" diameter. Inside the disk there was a rectangular hole of dimensions
10" x 3" in which the slots could be mounted. Also, there was an additional
fixture to make the X-band slots to fit in the mounting as shown in Fig. 4-2.

The ceiling and the floor were covered with B. F. Goodrich HV-4,
vinyl-covered, four-inch hairflex microwave absorber. The rear 30' walls
and the 50' walls are covered with VHP-18, pyramidal absorber. The center of the
rear wall was covered with VHP-26 absorber. The chamber had been lined with
interlocking aluminum foil sheets to provide a known uniform termination for
the absorbing material and to shield the room from external signals.

The frequency range of the chamber is 500 MHz - 50 GHz and has a nominal
reflection coefficient, for normal incidence, of -70 dB for X-band and higher
frequencies,tapering off exponentially to -40 dB for lower frequencies.

The accuracy of coupling measurements was approximately within the
range of T 1 dB (i.e., for the swept frequency use). For the case where the
swept frequency generator was not used, both transmitter and receiver were
tuned by means of a double-stub tuner, and the accuracy was a littleless than

the former (i.e., within T 2 dB).
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FIG.4-1 . ANECHOIC CHAMBER GROUND PLANE.
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FIG. 4-2(a); TEST ANTENNA MOUNT.
(Comparison scale is in inches.)
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FIG. 4-2(b): ARRANGEMENTS FOR LOADED X-BAND WAVEGUIDES.
(Comparison scale is in inches.)
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NGEMENTS FOR STANDARD S-BAND WAVEGUIDES,

[

(Comparison scale is in inches,)

FIG. 4-2(c):
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4.2 Coupling Measurements

4. 2.1 Swept Frequency

Most of the experiments in this section were made in the S-band frequency
range, or, more specifically, the measurements were taken between 2. 0 and
4.0 GHz. Also some experiments were carried out for swept frequencies in
the X-band range of 8.2 to 12. 4 GHz. For the X-band measurements, it was
found that in feeding a loaded guide with X-band signal there is clear indication
that there is more than the dominant mode propagating. This was observed
from the shape of the radiation patterns. This was to be expected since the
X-band range of frequencies is far above the cutoff frequency of the loaded
guide.

At an early stage of the experimental work a dielectric powder was used
to load the X-band waveguide. It was then realized that it was very sensitive
to any movements. By moving the transmitting antenna from one position to
another, it seemed that the granules of the dielectric filling moved around.
For this reason it was difficult to get a repeatibility in the graphs. A substitute
to avoid this problem was a solid dielectric material which is machined to fit
the size of the X-band waveguide. Emerson and Cuming's Stycast High K solid
dielectric was used. The manufacturer gives a loss tangent for this material of
0.0008. Different values of the dielectric constant for the material were used
such as K' =5, 7, 11 and 15. The material was machined to fit the cavity
and also a hole was drilled for the probe of the feed as shown in Fig. 4-3(a).
Two different waveguide lengths were used, d=0.031m and d=0. 1015m as in
Fig. 4-3(b) to demonstrate the effect of the cavity length on the resonant
frequencies.

Also some measurements were performed for the cases of standard wave-
guides at Ku-, X- and S-band frequency ranges. It is interesting to note that
the coupling obtained experimentally for these cases is within a fraction of

one dB from the corresponding coupling obtained from the analytical formulations;
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FIG.4-3(b): THE 0.031 m. AND THE 0. 1015 m. DIELECTRIC LOADED
CAVITIES.
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FIG. 4-3(c) COMPARISON BETWEEN LOADED AND UNLOADED CAVITY.
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compare Figs. (4-4, 3-7), (4-5a, 3-8) and (4-5a, 3-9) .

Figure 4-4 is the coupling versus swept frequency between
2.00 GHz and 4. 00 GHz for a pair of S-band waveguides spaced 0. 075m apart,
center-to-center. The upper curve of the graph is a measure of the power level
from the transmitter obtained by connecting the two coaxial lines ; in a way it is
a measure of power level. The lower part is the coupling level with the two
apertures flush mounted 0.075m apart and in the ground plane of the anechoic
chamber. Notice that the coupling follows approximately the 6 dB/octave trend
as frequency is varied. Also when the coupling was taken versus spacing for a
fixed frequency it showed 6dB /octave of distance confirning the analytical results.

Figure 4-6 shows the coupling versus frequency for an X-band waveguide
cavity of length 0. 031m loaded with Stycast High K solid dielectric material
machined to fit. In this particular case the material dielectric constant was
11.0. The level curve represents the level of the transmitted power through
the coaxial lines from the transmitter to the receiver, as indicated in the ex-
perimental set-up shown in Fig. 4-14, with a 25 dB attenuator added to the
circuit. Note that the coupling resonant frequencies are approximately the
same as those predicted in the analytical work. Thé small error may be due
to the measurements of the guide length which might not be very exact. Also,
errors in the measurement equipment may exist. It is believed that
the split at the top of the resonance is due to the fact that the transmitter and
receiver cavities do not have exactly the same length. Therefore, these two
peaks represent the resonant frequency for each individual cavity. For that
reason plus the occurrence of multiple reflections inside the cavities, the 3dB
or half-power bandwidth is wider than was expected theoretically.

Figures 4-7 and 4-8 are the coupling and gain respectively versus swept
frequency for a cavity of loaded X-band waveguide with dielectric constant of
15. 0 and the dimensions of the cavity 0. 02286 x 0.01016 x 0. 1015 meters.

The gain curve was taken with the set-up for far-field pattern measurements

as shown in Fig. 4-9. The standard antenna which was used on the boom was
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FIG. 4-4: STANDARD S-BAND WAVEGUIDE COUPLING VS
FREQUENCY. x1=0. 075m.
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FIG. 4-5; E-PLANE COUPLING VS FREQUENCY FOR TWO
SLOTS SPACED 11.4 CM,
(a) Standard X-band Rectangular Waveguide.
(b) Standard Ku-band Rectangular Waveguide.
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FIG. 4-6; COUPLING VS FREQUENCY FOR LOADED X-BAND
WAVEGUIDES, up=1.0, €,=11.,d=0.031m., x;=0. 03m,
a=0. 02286m. , b=0. 01016m.
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FIG 4-7: COUPLING VS FREQUENCY FOR LOADED X-BAND
WAVEGUIDES, u,=1.0, €,=15.0,d=0.1015m., x1=0. 013m. ,
a=0. 02286m. , b=0. 01016m,
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FIG.4-8: GAIN VS FREQUENCY OF DIELECTRIC LOADED CAVITY,
pp=1.0, €,=15.0,d=0.1015 m.
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FIG. 4-9: ANECHOIC CHAMBER SET-UP FOR FAR-FIELD
PATTERN MEASUREMENTS.
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an AEL No. ARN101A (1.0-11.0 GHz) log-periodic type. The boom was fixed
in its position and the frequency was swept between 2. 00 - 4. 00 GHz. Note
that the coupling resonances approximately coincide with those resonances of the
gain of the antenna. Also, the dynamic variation of the coupling without matching
is about 35 dB and the peaks are lower as the frequency approaches the cut-off
frequency which is due to the mismatch at the feed.

Similarly the coupling and gain graphs versus swept frequency were obtained

for dielectric constants of 11.0 and 7. 0 which are shown in Figs. 4-10 — 4-13.

4. 2.2 Coupling Versus Frequency with Point by Point Tuning

There was no simple way to match the input port of the transmitting antenna
and output port of the receiving antenna with swept frequency. A circuit had
been constructed to take measurements while the frequency is varied point by
point; a double stub tuner was used at both the transmitting and receiving ends
as shown in Fig. 4-14. For each frequency the stubs were adjusted for maxi-
mum power received.

The experiments in this part were also conducted on the 0. 1015m, and
0.031m. cavities. Also different values of dielectric constants were used as
in the swept frequency. In Figs. 4-15 — 4-17 the zero dB power level rep-
resents the normalized coaxial power level. The line representing zero power
level is not shown., It represents the transmitted power minus the power lost
in the circuit from the transmitter to the receiver when the coaxial lines are
connected as shown in Figure 4-14. The upper curve is the power level
as in the coaxial case but it also includes the antennas with the two apertures
connected together thus forming a cavity. The surface on the aperture was
machined to be smooth enough such that the mating surfaces would not act
as a discontinuity. Also the mating periphery was covered with foil tape
such as to prevent power leakage and to form an electrically continuous surface
between the guides. If this is done perfectly then the arrangement is like a
cavity filled with dielectric material and there is an input at one end and output

at the other end.
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FIG. 4-10;: COUPLING VS FREQUENCY FOR LOADED CAVITY,

pp=1.0,€,=11.0, d=0. 1015m., x,=0. 013m. , a=0. 02286m. ,

b=0.01016m.
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139



2.0 2.9 3.0 3.5

- " a P | " N N 1
+

PYRT VN S S S ¢
"—,'vvv"vvv'l"

Frequency (GHz)

' n=5
&nﬂl
_95 -25dB level |
"\W\
n=3 "\P
-35 4
. i n=2
< A
3 s
o
£ |
&
o
O 3
_45 - \
i
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Therefore the curve in comparison with the zero dB level represents the
power lost in the transmitting and receiving cavities. It is to be noted that the
level of the power lost shown by these curves is a little high because of the dis-
continuity at the mating surfaces in spite of all the precautions which were
taken. The difference is probably within the range of 1 - 2 dB. The lower curves
of the graphs represent the level of coupling for various separations, cavity
lengths, and dielectric constants.

It should be observed that the differences between these graphs and the
corresponding graphs with swept frequency are:

i) the level of coupling is higher in the case of tuning,

ii) the dynamic range of variations is less than before and it is around 20 dB,

iii) the resonance points are about the same with or without tuning.

4,3 The Far-Field Patterns

The arrangement in Fig. 4-9 was used to measure the E-plane pattern which
is with ¢=0°; 0 varies approximately from -90° to +90°. The 6-plane is per-
pendicular to the plane of the aperture at y = a/2 and parallel to the x-axis
(see Fig. 2-1). The reference antenna is AEL No. ARN101A (1 - 11 GHz) log-
periodic and moves in a radius of 5'6".

The H-plane patterns were also measured. For this case ¢=90° and the
reference antenna moves in a plane perpendicular to the aperture at x= b/2.
The variation of 0 is between -90° and +90°.

Different values of frequencies were considered and both E- and H-plane
patterns were drawn. A representative graph is shown in Figs. 4-18(a) and (b).
There was no noticeable variation in the shape of the curves with different
values of frequency in the S-band range except for the level of the gain. The
variation of the gain with frequency was shown in Figs. 4-8, 4-11 and 4-13.

The differences between these patterns and those of a free~-space S-band

slot in a ground plane are:
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i) the E-plane pattern is almost a circular pattern, more so than for the
corresponding unloaded case,

ii) the H-plane pattern has the sidelobes somewhat higher in level than the
corresponding unloaded case,

iii) the gain is lower than in the unloaded case due to the losses in the
dielectric and the mismatch at the aperture.
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Chapter V

SUMMARY AND CONCLUSIONS

The preceding chapters describe a theoretical, numerical and experi-
mental investigation of the coupling between slot antennas with the
broadsides parallel; the slots were loaded or unloaded and placed in an infinite
conducting ground plane. The two slots were backed with a material loaded
cavity filled with homogeneous isotropic material. The investigation does not
claim credit for development of new antennas since both loaded and unloaded
slots have been introduced before in several papers and textbooks as mentioned
in the Introduction. Instead use is made of existing antenna types and an inves-
tigation is made of the coupling for both cases. The results of the two cases
are then compared. The investigation does not claim an advantage of loaded
slots over unloaded ones or vice versa, since each has its own merits and
drawbacks. Therefore it is up to the designer of the system, after taking into
consideration the characteristics of each, to decide which would be the best
choice for his system. For example, if a system has limited space and can
tolerate the loss of some of the power it might be a worthwhile compromise
to choose the loaded slots. As was seen in the investigation it was possible to
use a standard X-band waveguided loaded with dielectric material for S-band
frequency operation. It was also noted that the radiation patterns for this
arrangement were rather similar to the ones obtained from the standard S-band
slots.

A serious drawback of the dielectric loaded waveguides is the frequency
sensitivity as shown in both coupling and gain curves versus frequency.

No experimental work has been done to obtain the coupling versus frequency
for ferrite loaded slots but it is expected that the resonance phenomena would
be less pronounced in this case. The coupling between the apertures with

material loading did not follow the usual trend for the unloaded case which is a
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drop of approximately 6 dB/octave of frequency. For the loaded slot case the
behavior of the coupling between the apertures depended mainly on the parameter
of the loading material. It was rather interesting to see that the coupling versus
frequency was almost constant with frequency for low values of dielectric constant.
For the higher dielectric constants the coupiing changed more drastically. I
varied from minimum to maximum as shown in Figs. 3-7 to 3-10 (Ch. III). The
variation of coupling with spacing followed the 6 dB/octave of distance charac-
teristic.

The phenomena of resonance was investigated and a method to predict the
resonant frequencies and the half power bandwidth was obtained. A good agree-
ment between experimental and theoretical results was obtained. It was noted
that resonant frequencies occurred when the cavity length was such that
£=n (Ag/z ) where n is an integer.

It is interesting to note that if it is possible to maintain )Lg. constant or
approximately so corresponding to its value at the resonance peak, then it would
be possible to have a wider bandwidth and reduce the frequency sensitivity. To

look into the requirement to do so, consider Eq. (3. 10) (Ch. III) which is;

fc= —(ﬁ- GHz , where a is in meters,
a fu €y
also
A= Yo L
g 3
VPr€r ,/ f, 2
1- (? )
or
Ag = 0.3 5 in meters
J 0.15,2
TR o (—— )

where f is in GHz and a is in meters.

Then for )\g to be constant irrespective of f implies that

0.15

f2 ( ) = constant.
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If the material loading is to be taken specifically to be dielectric or u,.=1 then

=

This indicates that one way to have a wider bandwidth is by using a material

€p o

with a dielectric constant inversely proportional to the square of the frequency
over a certain band of frequency range. The existence or the physical realizi-
bility of such material needs further investigation.

Another outcome of the investigation was that, as mentioned in the previous
chapters, the resonant frequencies depend on several factors which are; 1) the
length of the cavity, 2) the broadside length of the slots, and 3) the material
paremeters. Therefore if two slots are spaced close to each other on a ground
plane the mutual coupling can be controlled. For example, in order to decouple
the two slots, the parameters aff ecting the resonance frequency could be chosen
in such a way that the resonant frequency of one antenna coincides with the anti-
resonant frequency of the other antenna. For this case each antenna is acting
as a frequency filtering device to the power which is intercepted from the

other antenna.

It is very interesting to note that the spacing of the resonance peaks is not
uniform over the frequency scale. It is smaller nearest the cutoff frequency and
becomes wider away from it. This was observed both experimentally (Fig. 4-7 and
4-16) and from digital plots of the resonance points ( Fig. 3-14(a)¥(c) ). This can
be explained by considering Eq. (3. 11) which is

(3.11)

Squaring both sides there results:
2

2
(e 2.0).
Hrer L a
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or fzes .

_res n
0.15 22

(e

or

res _n

=1. (5.1)
( &m)z (gf
a
A€y
Equation (5. 1) can be put in the form

2

f 2
= - =1, (5.2)
Al A2
where
Ajs (5.3)
A2 =12/a, (5. 4)

with a and £ in meters. Equation (5.2) is a hyperbola as shown in Fig. 5-1.
From the figure it can be seen that the resonance peaks are not uniformly spaced
but become more nearly uniform at higher frequencies or at the asymptotic part
of the curve. Also, from Eq. (3.10) (p.75) it can be seen that A 1 represents

the cutoff frequency for the specific parameters Myps € 2 of the loaded cavity.

rJ

5.1 Areas for Future Investigation

1) Experimental investigation of coupling for ferrite loaded slots.

2) Investigation or search for material to widen the bandwidth.
3) Study dielectric loaded slot array.

4) Study ferrite loaded slot array.
5) Design wide frequency band tuning arrangement for the feed.
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APPENDIX A

THE REDUCTION OF QUADRUPLE INTEGRALS TO DOUBLE INTEGRALS

For the numerical computations to reasonable in cost and programming
for the computer calculations, it was necessary to reduce the quadruple in-
tegrals to double integrals. This was performed by means of coordinate
transformations. It consisted of a rotation of axis, magnification and
translations .

Consider the general coordinate transformation;

”l =ncos 6 +ysin 6
'yl =-nsin 6 +y cos 6
If we choose 6 to be 45°, then

u-=im+w
U
1
v, == (n+ty)
L
Take
by =12 1y
(Magnification)
L K
Then
u2=(n+w
@=(-n+w

Performing translation along Mg such that the origin would be at the center
of the rectangle as shown in Fig.2-5 (Ch.II). Therefore
b= IJZ - a
or
pta=p,=n+y (A.1)

159



Let

or

Due to the magnification
1
drdy = 5 dudy

Therefore the integration:

j(‘) afoaﬂy, rdry= _L' ' [( :)fm, Paudyt j; ' f( :Tfm Pdudy
If £(u, ) is even in u and vy then;

(-1, M =E, -1 =E,
Therefore

a a a_a-vy
j; j; &y, ) dndy=2 j; _g £, M) dudy

Similarly
'gzbf(f,X')dde' ='-21- j;b -!;’(Ob_::)f(o, V)dVdO‘“l"% 1;0 [élj:)f(c, ndvdo

also if f(o,v) is even in o and v then (A. 4) reduces to

b b b b-c
[ e mazones [
070

f f(o,v)dvdo
070

In general
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a_ab a_b (a -9 (b-0)
f _L' £(x",y, n, ©)dgdndydx'= + ‘{; f f (v, 1, o, Ddvdudody
0 ~(b-0)

(a 7) (b+o)

+1 £ f £(v, 4, 0, Vidudody
~(a-7) (b+c)

(aty) p(b-0)
f f f f f(v, K, o, 7)dvcudody
~(at+y) "~(b-o)
(aty) ,(bto)
+i f j f { f(v, 4, o, v)dvdudodry .
b S(aty) “(bto)
(A.5)
In Chapter II £(y,u, o, v) is an even function in v, 4, v. Therefore:
aab a_b a-y , (b-0)
£(x,'y, n, £)d { dndydx' = (v, 4, o, vV)dv dudo dy
fO I"(.)j(.) !:b-c)
a ,aza-vy ,(bto)
+ f(y, u, o, v)dydudody .
fo ‘-U; '[(bm) (4. 6)
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APPENDIX B

EXAMPLES OF COMPUTER OUTPUT DATA ON COUPLING

B. 1 Coupling Versus Frequency

B.1.1

For an empty S-band waveguide for x1=0. 0341m. , X,=0. 075m, A= a,
BEeb, EPSR = €,, FMUR = u;, XI = separation center-to-center, UC =
coupling without interaction, and UCI = coupling with interaction.

B.l.la:

A= 0.713600ND=01 B = 0.34036000=01 A = 0.5000000)=01
FPSR = 1N0NNN0O FMUR = 1000000
NAT = 30 NRI = 30 NS = 30 NL = 50

FOR X1 = 0.34100000-01

N uc Ucl

Ny Ny
lolnﬂ -Iﬂ.ﬂSCMG '9-9q7|5q
1.20N =12.22N99 =12+137R3
130N =13414871 -13.13351
1e4DN  =13.715613 13476355
1¢5N0 =14.13574 =-14425094
160N =14451635 ~14.68423
1700 =14490229 “15.1N558
148NN =15431340 «15453R67
190N =15.78103 -15¢99944
2.000 =16¢30%64 ~16¢50183
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B. 1. 1b:

A = N.7136000D0-01 B = 0¢3403600D-01 O = 0.50000000-01

EPSR = 1.000000 FMUR a  1.000000
NAL = 30 NAI = 30 NS = 30 NL = S0
FOR X1 = 0.7500000D=-01
FN uc uct
DR DR
141NN =1S.11413 -15.12735
1.200 =17:14514 -17.07426
130N =]R,1279% =18.NN248%
1¢ANN =1R.T7216% =1R.60233
1500 =19.16331 -19.09728
144NN =19.54507 “19.54128%
1700 =19.91373 -19+96331
1 ¢ ]NN «20e?29591 «204372NK
1,900  =2N,70R29 =20+T7857
2.00N =21+1621% -21.20163
B.1. lc:
A= 0.7136000D=01 B = 034036000-01 Q@ = 0.50000000-01
EPSR = 1000000 FMUR s 1000000
NAT = 30 NBI = 30 NS = 30 NL = 50
FOR X1 = 0.2075000
FN uc UcCl
DR D3
1¢10N  -23.25791 «23.26242
16200 =25,34572 -25.32054
143NN =26433617 -26:3435%
14400 =26495072 “26e96499
16500 =27.40811 =27+39611
10600 “?70“01“2 '27079544
14700 =28.17953 28419244
1800 =28,56864 =284 56822
14900 =28+498639 =28.97589
24000 =29+444464 -29¢44963
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B.1.2
For an empty X-band waveguide with spacing of x}=0.013m., x;= 0.02286m. ,

0.114m.
B. 1. 2a:

A = 0.2286NNNND=N1 A = N«1016000D=01 @ = 0.5000000D=01

E£PSR 1.00N0N0ON FMUR = 14000000
NAT = 30 NRI = 30 NS = 30 NL = 50

FOR X1 = 0.13000000-01

FN JG UGt

DR NRB
1100 =11.67733 =1175R04
142NN =134hN0R2 =13.74578
1300 =14+445179 -~14.64503
led4NN  =14.9447]1 -15417159
I.Snﬁ ‘15029300 ‘15053526
164NN =154586N5 -15.82277
1700 =15.86837 =16.07859
1¢ROD =1A¢16473 -16+33055
1¢9NN  =16049024 =16¢59960N
2.N00 =16¢85484 =16¢90338
B. 1. 2b:

A = 0.22860N00D<N1 B = 0.1016000D-01 @ = 0.5000000D0-01

EPSR t.00NNNNO FMUR = 1.000000
NAT = 30 NBJI = 30 NS = 30 NL = 50
FOR X1 = 0.22860000=01
FN e Ucl
Do NR
11NN  =15.16875 =15425937
12NN =17.16429 -17.12500
143NN =18.NKTNT7 -17.96615
].500 'lq096640 ‘IQOE6764
1eANN  =]9.27116 =19.22250
170N =19.55607 -19.54723
16800 <=19.84716 = 19.90658
1900 =20.16037 -20.24134
2:.N00 =2N.50626 «20.57800
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B.1l.2c:

N =
TPSR

NAT =

FOR

FN

1¢1NN
1.72N00
1300
1eAN0
1590
14NN
170N
1800
1900
2000

N.22860N0N=-01

1.0NNNNO
an' N\l =

Xt = 01140000
JC
nB

-28.21474
-3n.25484
-31.1R8R2
=31+74N0R
-32.12719
-32:44331
-32,73573
-33.03133
-33.34674
-33469305

= 0.10160000-01
1.00N0N0O

FMIJR =

30 NS =

Ucl
DH

-?Q.?Oﬂﬁd
-3N.263N2
=31.18221
«31¢7T45%9
-32.12186
=324 44825
-32.73111
33403545
«33.342173
‘33-69674

0.50000000=01

B.1.2d: Standard Ku-band waveguide coupling versus frequency output.

A =
EPSR
NAl

FOR

FN

1.200
14300
1.400
1500
1.ANN
1700
18NN
1900
2.000
2.100

0¢1579880D-N1
= 1.000000

= 30 NBI =

Xt = 0.1140000

11c
08

-32.98482
-34.02749
~34.69629
~35.21258
-35:67041
-36¢11%13
=36458341
'1700q549
-37.63593
«3B¢245N9

B = 0.67899400D-02
1.000000.

FMUR =

30 NS =

~3298475
'340024“2
=-34./49853
=35.2138R
=35+66%19
=36«11780
-36¢58572
-37.08514
=37.63455
'33024580
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B.1.3
For a standard X-band waveguide filled with dielectric material. These

parameters are common for the three tables which follow: a=0.02286m.,
b=0.01016m., Hp= 1. 0, separation center to center = x1=0. 013m.

B. 1. 3a: € = 7.0

FN uc et
b)) DB
14100 =19.92142 -19.96417
1.200 =22,74857 -22.75982
1.300 =24.04925 «“24404954
16400 =24.42473 -24+61905
14500 =24.78698 -24477125
1600 =24.70965 -244+69682
14700 =24449765 '=24.48233
14800 =24421448 24419717
1.900 =23.89813 -23+87930
2.000 =23.57103 -23.55122
2.100 =£3.24631 ~23.22612
2.200 =~22.93152 2291165
B 1.3b: €.=11.0
FN (8] uct
NB nB
10100 '19033601 ‘19091287
1.200 =23.20505 -23.23635
1300 =25.18408 -25420028
16400 =-26.47726 -26¢48592
14500 =27.30095 -27430501
14600 £27.76787 -27.76875
14700 =27.96353 -27.96200
14800 =27.96154 -27.95808
14900 .=27.82349 -27.81837
2.000 =27.59736 -27+59080
2100 =27.31824 =27.31042
2.200 =27.01053 «27.00160
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B.1.3¢; €=15.0
FN uc Uct
nDB ny
14100 =19.42214 =19¢51548
14200 =22.87672 22491717
1300 =25.N2914 2505214
1400 =D6e59214 “2606”6'52
15NN =27477097 =-27.78025
1600 =28.64666 “2R¢65255
14700 =29.246152 2926498
1.fN0  =29464876 -29.650364
1,900 =29.R4291 -29.84302
2.000 «29,88097 =29 ,R7981
2.100 =29.79956 -29.,79730
2.200 =29.6316R =294 62845
B. 1. 3d:
A = 0.22860N0NND-N1 R = 0.1016000D~-01
FEPSR = 20.00000 FMUR = ¢ 10900000
NAT. = a0 NRI = 30 NS = 30 NL =
FOR X1 = N41300000D-01
FN 1)C ct
DR DR
1100 =19.N3111 -19.1346A9
1.200 =22.47551 -22.52264
13NN =2A.453%9 -24.6%171
14400 =24.29247 -26.31078
14500 =2T7.6N213 2762084
1+ANN  =28,AR750N -2%.69454
1.700 <=29.56%57 -29457504
168NN =3N.26899 =-3N.27354
1.900 «30.79920 "300“0227
~31.16974 -31.17161

2.Hhnn
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B. 1. 3e;

A = N.22RANNDNND=NT1 B = 0.10160000=01 0 = 0450000001=01

KRN = 2.,00N00N FMUR = 1000000
NAT = 30 NBI = 30 NS = 30 NL = 50
FOR X1 = 0.1300000D=01
FN uc uct
D1} DB
1100 =11.5N0556 «11420670
1200 =13.165N4 -12.99226
{300 -13.,73232 =13.62388%
fedANN =13,9285% -13.87707
16500 =1369A825 -13.9764N
166NN =13.93971 =14.01147
1700 ~13.8R5595 «14.02289%
180N =13.92R837 ~14.02949,
1 «9N0O =13.T7T82094 -14,03980
2.000 =13.7508]} =14.05700
B. 1. 3f:
A = N.22840N0D=N1 B = 0.10160000=N1 @ =  0+50000000=01
EPSR = 3000000 FMUR = 1.000000
NAT = 30 NRI = 30 NS = 30 NL =’ 50
FOR X1 = 0.1300000D-01
FN e ot
Ny N
1e100  =15414019 =15.03304
1e42N0  =16eR1772 -16+72254
1300 =173177°2 -17.23417
{400 ~17441552 ~[T7¢32109
I o«S50ON -17.34165 “17.27812
|« ANN «17«191A5 -17e 142517
1e70N =17e01123 =-16+98092
148NN =]16e8R2412 -16.81700
F«90N =16+6432R -156+.66336
2.NNN «16647602 -16¢526317
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B.1.3g:

A = Ne2286NNNDND=N1 B = N.1016000D=N1 Q@ =
KERPSR = 4.000N0NN FMUR = 1000000
NAT = 30 NIL = 30 Ny = 30 NL = 50
FOR X1 = 0D+1300000D=-01
FN e Gl
Ny Ny
1e1NN =1749192 “1T7e4499
1420N =19,3445]1 “19.3N14
1-300 '190'9173‘1 "90q7ﬁqd
fedaNN «2n0,N1R99 “19.97312
'0500 '19091176 '|9OR6559
1¢A00 =19.708648% ~19+66379
.0700 "'9046463 "190423]1
164900 =19.2N911 =19.17239
190N =1R.95446 =“18.92724
2.000 =18.71212 ~18+69618°
B. 1. 3h:
A = 0.228600ND=01 = 0.101A0DNN=-01 A =
PSR = S.NNNNNN FMIIR = 1o ONNNNOD
NAl = 30 NRI = R0 NS & 30 NL = 50
FOR X1 = 0.13000000=-01
FN uc ‘UCT
nB DR
1100 ~18+87111 -18.87219
16200 =21.N48640 =21+N0335N
1300 =21.8128%4 “2179115
164NN =22,0NKRKA =21.9%292
10300 ‘21091478 ‘2‘0905‘?’
1eANN  =21.72847 =21669765
1700 =214460%1 -21.42880
163NN =21¢16%42 -21.13683
190N =20e87251 -20.94238%
2.NNN =2N¢52379 -2N¢55629
2100 «2N,90854 =2N.2%670
2.3NN =~19.2}1Nn19 -19.80400
247N =19.5%9%3 -19.593773
2.5N0 =19.,3%1866 «19.,40432
2-6”0 -]Q.2ﬂ67| "19-23530
2.7NN =19.N4364 “19,08595
2.8NN =1R,999N] -1R«9554])
29NN =1ReT77234 ~18.84271
3000 =18466316 -{8.74688
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B. 2 Coupling Versus Spacing

In the following these notations are common: A sa, B=b, EPSR & €.
FMUR =2 pu,., GB = N, and Ny
where

N, =G/Y, and Ny=B[Y,
for the normalized frequency specified FN. Also,
R= N3 an.d N4 )

where N 3 is the real part of the reflection coefficient and N 4 is the imaginary
part of the reflection coefficient. Also, L indicates the separation between
the two slots center-to-center in wavelengths. X1 indicates the equivalent

in meters of L for the specific case ai hand.
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A = N,2294N0N00N=N1 R = NJIN01ADNNN=NT Q =  N.5NNNO0NNN=0]
£PSA = 1«00NNON FMUUR = 1+0NNNNN
NAT = AN NAL = AN NS = 10 N) = 50
FNR FN = 14402100
G = N,T7%29483 04157269 R =2 0.63%9619D-01 =N.2480668
L X1 e Jct
D8 DB
NeAONNNNN Ne 13NAT291N=N] «1A4«9T21A =15.20N92
N.5%nNNNNN Ne1630412D=N1 =1/6.31901 “1hedAL|
N.ANNONNN Ne 1995419 4)=N] “1T7¢51A24 -|7.AR|A,’>
Ne.7N0NNNONN NeR2R2574D=01 =184593831 -1%.474N1
n.20nNNNN Ne26N0RE58D=N1 =19.57N92 -19.52553
N.9nNNNNN Ne2934741D=01 =20.46249 ~20:51394
I.ﬁﬂﬂf)fm 0-3?60“23')"0‘ -D,I.,O,ROIIR "?103406‘
1+ 1NNNANN 0-35"«'60050-01 =20 ,N342D -29,N31159
1.20Nn0NN N.3212a839H=01 =22.73379 =D, (R4 7
1300000 N.4239070ND=N1 =23.38432 “27.3/4N22
1 «ANNDNNN Ned4565152D=N1 =23.99224 “04.0]144
1500000 Ne4R91235D=01 =24456245 =2/¢5918N
1.6NN0NN Ne52173170-01 =25.09914 254101164
1.700NN0O Ne5543399D=N1 =25.4N584 254958383
1.2NNANN Ne5869481N=01 =26.NR540 -06.N7137
Iof)m‘mﬂ,ﬂ 006105564')‘01 "2505/;”0‘) "2,‘-55060
n,0NNNNN Neb521646D=01 =24.97445 “26+499154
2.100N0NN Ne6347723D=01 =27+38779 =27.3%984
3100000 Ne 1010855 -30.71521 =3N0eT1459
4.1N0N0N0O N«1336937 -33.12343 -33.12435
S.1N0NONN Ne 1643020 -35.NN959 =35.01024
Ae10NNNO N.1989102 ~346+455952 -36+560N0
7.100N0N Ne2315184 =37.87489 -37.87525
2.,100000 N«26412617 =394N1733 «39.N1762
9,10nNNN 0+2967349 -40.02702 -40.02725
10. 10000 0.3293431 -40.93158 -40.9317%
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B.2.2

The parameters are as in Section B. 1. 1.

A = 0.2286N0000-01 B = 0.10160000-01 @ = 0.50000000=01
FOIR = 1100000 FMUR = 1000000
NAT = 3N  NBI = 30 NS = 30 NI, = 50
FAR FN = 1500000
Gi3 =  0.30222470-01 =0.3090832 R =2 067810194 0¢5343343
L X1 ue UG1
Ny nR
N.10N0NNON 0.1010907D=0) =23417457 21420288
Ne2000000 Ne2021814D=01 =31+24739 ~31.24590
Ne 30DNNHON Ne3N327220=01 =33¢75363 3375455
NeaNNNNNN 0:40436290=01 =35771362 =356 71577
N+500NNNN N¢5054536D)=N1 =37.37070 -37.37194
N« ANNNNONON NeANASAA3N=01 =3R8.79344 «3R8.79316
N.70N0N0N NeTNTA3SID=01 =40.03263 «4N.NA1 TR
0.2%AN0NNN NeBN3T258D=01 =41.12645 =41.12632
0.90000N0N NeONIRIASD=01 =42.10409 42410443
1.00NNONN 01010907 -42.98A437 -42.9867%
1.100070 01111998 =43+ 78918 =43+ 739K
1.200NNN 0+1213039 =44¢52687 =44.52659
1300000 Nel1314179 =45¢20755 “45¢2073%
1.40000N Ne 1415270 =A54¢93945 -45483977
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