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FOREWORD

This report was prepared by The University of Michigan, Ann Arbor,
Michigan, under the direction of Professor Ralph E. Hiatt and Professor
John A.M. Lyon and on Air Force Contract AF 33(615)-3371 under Task
No. 435709 of Project 4357 (U) "Electromagnetic Coupling Reduction Tech-
niques'". The work was administered under the direction of the Air Force
Avionics Laboratory, Electronic Warfare Division, Research and Technology
Division, Wright-Patterson Air Force Base Ohio. The Task Engineer was
Mr. Olin E. Horton, the Project Engineer Mr. Herbert Bartman.

This report covers the period 15 August through 14 November 1967,
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ABSTRACT

In this report further studies on some previously described decoupling
methods are presented. Slot decoupling has been examined at a lower range
of frequencies (S-band). The behavior of corrugations at three times the de-
sign frequency has also been studied. The use of circumferential corrugations
as a decoupling means was extended to circular Archimedean spiral antennas.
Studies initiated in this report period include the coupling of two X-band slot
antennas covered by a dielectric sheet. It has been found that under some
conditions the presence of the sheet results in decoupling, whereas in other

cases increased coupling results.
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INTRODUCTION

This investigation can logically be separated into three technical
areas. The technical areas are decoupling achieved by corrugations;
decoupling or coupling associated with a dielectric slab over rectangular slot
antennas; advanced analysis of coupling between slots to be applicable to the
nearfield region.

In Section 2.1 of this report, a detailed description has been given of a
newly designed arrangement of circumferential corrugations. These corruga-
tions have been designed to be operable in the S-band of frequencies. The de-
sign frequency has been near the lower end of this band. Design procedures
and design parameters are given. After this new set of corrugations was fab-
ricated it was used to ascertain the decoupling achieved in the case of two
slot radiators. The maximum decoupling achieved was approximately 14 db.

In the body of the report, information is given on the bandwidth covered by this
means of decoupling. Later, the same set of corrugations was utilized at
three-times the design frequency. It was found that this set of corrugations
produced a maximum decoupling of approximately 15 db in the X-band of fre-
quencies.

The new set of S-band corrugations was then applied to the case of two
Archimedean circular spirals. It was found that the one set of corrugations
around one of the spirals produced a maximum reduction in coupling of 6 db.
This was within the design frequency range of 2.0 to 4.0 GHz. The effect of
a set of corrugations surrounding an Archimedean spiral is also shown in ra-
diation patterns included in this report.

The influence of dielectric cover plates over two rectangular slot antennas
has been studied experimentally. Details of these studies are shown in Section

2.2. Several slabs of material were utilized including wood and polystyrene.
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Also, various size sheets and thicknesses were utilized. The influence of
scatter from the boundaries of the sheet is also discussed.

Still another effort covered in the report is that of the improved analysis
of two rectangular slot antennas. This analysis is aimed at being sufficiently
precise so as to predict the-nearfield coupling situation for the parallel align-
ment of the two slots. So far only initial formulation has been made. No

experiments have been performed but some have been planned.
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PROGRESS IN DECOUPLING METHODS

2.1 Corrugations

2.1.1 Design Considerations

A new set of circumferential corrugations has been designed and fab-
ricated for use with antennas operating at S-band frequencies. The design
formula is obtained as follows. A two-dimensional periodic structure is
considered. The trenches are assumed narrow enough so that only a TEM-
mode propagates in them. If d, and w are the trench depth and width re-
spectively, s the center-to-center spacing of adjacent trenches and 7 the
free space charecteristic impedance, the surface impedance of the corrugated
structure is:

7 - jn tan kd (trench aperture, w)

5 0 (wall separating trenches, s-w) (2.1)

A TM-mode is assumed above the corrugations. By using Floquet's
theorem for periodic structures and considering an infinite number of space-
harmonics above the surface in order to satisfy the boundary condition as
stated in@. 1)an equation is derived from which the phase constants of the space
harmonics can be determined. At the frequency where the cut-off of the first
pass-band occurs this equation is simplified to the following form (Watkins,

1958)
[?in (1 + 2n) LWJ

1 _ 2s 1 . 2s
kd tan kd > 1+ 20 1+ 20) (2.2)

N

n=o, +1, £2,...
This equation can be solved by graphical methods or by trial and error.
There are three parameters d, w, and s which have to be chosen to deter-
mine the propagation parameter k from which the frequency will be obtained.
An examination of (2.2) shows that the most critical parameter is d. As a

starting point for a trial and error solution, the value d%: may be used,
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(A = wavelength). Considering (2.1) and using the concept of "average surface
impedance' one obtains:
s ave = I = tan kd (2.3)

It has been shown (Lyon et al, May 1966) that a greater Zs produces
greater decoupling. Because of this in (2. 3) it is desirable to make gas big
as possible (the upper limit being 1) which means making the wall thickness
(s-w) as small as possible. Here a limit is imposed by consideration of the
metal and manufacturing method used.

Finally regarding w there are two reasons for making it as large as
possible. First, for the same reasons that one wants to make (s-w) as small
as possible. Second, because of consideration of the w-B diagram for this
structure (Watkins, 1958) which shows that the larger s/ d the more the cut-
off deviates from the value kd = 121 causing the stop band to increase which is
desirable in broadband applications of the method. On the other hand there
is an upper limit imposed by the conditions under which (2. 2) was derived,
namely that the trenches are narrow enough so only a TEM-mode propagates
inside. In order to obtain reasonably accurate results from (2.2) one would
have to limit w to 2/10 although values of w~)/ 3 have been used as described
later with good agreement with (2. 2).

In view of the above considerations, the dimensions of the corrugations
for S-band were chosen as follows:

d=2.4lcm w=0.8lcm s=0.89cm.

These corrugations extend radially for 11. 46 cm (L. 3\ at 3.4 GHz) (Fig. 2-1).
The cut-off frequency for the first pass band is found from (2-1) to be 2.75 GHz
and for the second pass band 8.31 GHz. Thus the corrugations should be

effective in reducing coupling at both S- and X-bands.




‘SNOILLVDNYYOD ANV VNNALNV LOTS :1-¢ "DId

i |

7692-8-Q

THE UNIVERSITY OF MICHIGAN




THE UNIVERSITY OF MICHIGAN
7692-8-Q

2.1.2 Slot Decoupling

When these corrugations were placed around an S-band slot it was found
that the E-plane coupling to an adjacent slot was reduced from a maximum value
of -27 db to -41 db over almost the entire S-band (see Fig. 2-2). The center -
to-center spacing of the two slots was 2. 5\ in the middle of the frequency
range considered (3.3 GHz). The experiment also indicates the stop band
starts at 2. 81 GHz which is 2.1 percent off the calculated value. When the
slots are oriented for weak coupling (H-planes colinear) the radiation pattern
of each slot exhibits a null in the direction of the other slot and therefore the
corrugations cannot be as effective. However this is not a serious problem
since the H-plane coupling level is much lower than the E-plane coupling,

In this case the maximum H-plane coupling was reduced from -49 db to -52 db
when the corrugations were added. In the case of H-plane coupling the stop
band starts at 2. 73 GHz which is within the limits of measurement error from
the calculated value. This agreement with the theoretical result is remarkable;
it is even more so since the actual geometry deviates from that assumed to
derive (2.2) on two counts: a) The structure is not periodic since it extends for
only one wavelength rather than continuing to infinity and b) instead of parallel
wall corrugations one has circumferential corrugations which, strictly speaking,
is not a two~dimensional problem.

The action of the corrugations has been qualitatively explained as trapping
the power carried by a surface wave along the ground plane and radiating it in the
broadside direction. This me ans that the sidelobe decrease should be accompanied
by an antenna gain increase. This was observed experimentally by mounting
the slot on a small metal disc (diameter 33.3 cm) and recording the radiation
patterns in the two main planes, (see Fig. 2-3). A plain and a corrugated

disc were interchanged and the two curves superimposed for comparison. At
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3.0 GHz the corrugations cause an E-plane sidelobe reduction of 12 db accompanied
by a 3 db gain increase. By orienting the slot for maximum gain and sweeping
the frequency (Fig. 2-4) it was demonstrated that the gain increase varies
between 1.5 db to 5.0 db over the frequencies of S-band.

It has been thought of interest to investigate the effect on decoupling
of the trenches individually. For this purpose the area of the ground surface
represented by the corrugations was covered by aluminum foil and the coupling
between the two slots measured by sweeping the frequency. Then the innermost
trench was uncovered and the coupling measured again. The uncovering of
subsequent trenches continued until all were active. The results are shown in
Fig. 2-5. In this figure the parameter indicates the number of uncovered
trenches. The lowest curve in Fig. 2-5 is identical with that of Fig. 2-2(a).

By examining Fig. 2-5 it is clearly seen that incremental steps of decoupling
do not show a tendency to shrink to zero very rapidly, which indicates that
additional decoupling is possible by extending the corrugations further.

Another experiment was carried out to test the effect of the corrugations
at the second stop band. Regarding the corrugations designed for S-band the
second stop band occurs at nearly the third harmonic frequencies of the first
stop band which in this case would be X~-band.

An X-band slot surrounded by a small flat disc was placed at the center
of the S-band corrugations. Then the coupling to a second slot on the same ground
plane was measured when the corrugations S were covered by aluminum foil
and when they were uncovered. The results are shown in Fig. 2-6 (second
and fourth curves from the top, respectively). It is seen that the stop band
starts at 8.34 GHz which is again within measurement error from the theoretically
computed value of 8.31 GHz. Then the disc between the slot and corrugations S

was replaced by another set of corrugations (designated R-1, d = 0.85 cm) which
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has been designed for X-band. Again two measurements were made with the
corrugations S covered and uncovered. The results are shown in Fig. 2-6

(third and fifth curves from the top, respectively). The maximum E-plane coupling
over almost all of the X-band has been reduced from -35.5 db to -50.5 db.

In conclusion it is seen that the corrugations are inherently effective
also in reducing coupling at the third harmonic frequencies of the original
design frequency range. This is an important feature because of the third
harmonic content in the output at microwave oscillators in particular and in
the radiation of various antennas in general. Due to this phenomenon several
interference problems have been reported between antennas operating at
different frequencies.

2.1.3 Spiral Decoupling

When a spiral operates in a pure axial (on first order) mode there is
a null along the ground plane and the coupling to another spiral in the same
ground plane should be zero. In actual operation, however, reflections from the
ends of the spiral elements may occur giving rise to a standing wave along the
spiral arms. Also small in-phase currents at the feed excite additional modes,
of order zero, two, etc. The zero order mode in particular will cause 3
considerable amount of radiation along the ground plane. These feed and termin-
ation defects are considered to be primarily responsible for the coupling be-
tween two spirals. Therefore this is a case of weak coupling comparable to the
H-plane coupling of slots.

Two similar Archimedean spirals made by Aero Geo-Astro Corporation
(Model AGA-100-3-2) for the frequency range 2 GHz to 4 GHz were used for the
measurement of,coupling. The two spirals were mounted in a large (12 ft. by
12 ft.) ground plane at a center-to-center spacing of 22.8 cm (2.5 at 3.3 GHz).

The coupling measurements were made by a swept frequency technique. Due

13
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to this no matching devices were used between the transmission line and the
antennas. A spot check, however, indicated that the use of matching devices
results in no more than 1 db difference in the coupling level. However the
defects of the feeds to the spirals are emphasized in swept frequency methods.
For the coupling measurements the two spirals were positioned in
three different ways as shown in Fig. 2-7. In this figure the positions of the
spirals are determined from the relative orientation of the feed terminals.
One of the spiral antennas was surrounded by circumferential corrugations and
then the coupling was measured with the corrugations covered and then un-
covered. The two curves obtained for every orientation of the feed terminals
are shown in Figure 2-8a through c. For any given frequency the coupling
depends upon the relative orientation of the two spirals. However, the swept
frequency coupling patterns taken for different orientations exhibit the same
general characteristics except that the peaks and troughs occur at different
frequencies. The corrugations accomplished a moderate coupling reduction
of 6 db in the frequency range 2. 8 to 4.0 GHz.
The effects of the corrugations on the spiral radiation pattern at
different frequencies are shown in Fig. 2-9. These patterns were obtained
by illuminating the spiral with a linearly polarized standard gain horn. The
polarization was chosen so that the E-field vector would be perpendicular to the
ground plane at 6 = 90°. The patterns are shown for two different orientations
of the spiral; one where the (imaginary) line determined by the two feed points
is parallel to the E-field and another where it is perpendicular. A sidelobe
decrease of the order of 6 to 11 db is observed, accompanied by a gain in-
crease. The gain increase due to the corrugations varies from 1 db at the
low end of the frequency range to zero db at the high end.

The change in VSWR is summarized in the following table.

14
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TABLE II
Spiral Standing Wave Ratio
Frequency, GHz 2.75 3.00 3.25 3.50 3.75 4.00
Flat Ground Plane 1.45 1.33 1.26 .90 1.79 1.75
With Corrugations 1.60 1. 42 1. 47 1.31 1.40 1.37
2.2 Coupling Under Dielectric Layers

Experimental studies are being made to investigate the coupling of
two X-band slot antennas covered by a dielectric sheet. The antennas being
used in these studies are two waveguide-fed slots mounted in a 12 ft. by 12 ft.
aluminum ground plane. The antennas are oriented for the strong or E-plane
coupling case, and the separation is 11.4 cm. All measurements use a swept-
frequency technique from 8 GHz to 12. 4 GHz.

The material used in early experiments was California Sugar Pine.
This material has er = 1.7 and a dissipation factor D = 0.010. These are
approximate tabulated values and not measured data. This material was used
only because it was readily available, cheap, and easy to utilize. Because
of the non-isotopic properties of the wood grain and the relatively high loss,
this material was abandoned as soon as other more desirable materials be-
came available.

One such material is polystyrene, which has Er = 2.5 and a dissipation
factor D = 0.0004. Sheets were obtained in 20 inch by 40 inch size with
three thicknesses, 1/ 8 inch, 1/ 4 inch, and 1/2 inch. Data are presented for
the coupling with each of these sheets in Figs. 2-10, 2-1l, and 2-12. Each
figure shows the direct coupled level and the coupling of two plain slots, along
with two curves for the coupling with the polystyrene sheet. The dotted
polystyrene curve corresponds to the 40 inch dimension in the H-plane. Note
that in some cases the coupling level with the polystyrene sheets is 4 to 5 db
higher than the plain slot case, but in one case there is some actual de-
coupling over part of the band. It is this decoupled case that is of interest, and

it will be studied in more detail.

20
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Notice that the coupling curves with the polystyrene sheets have periodic
fluctuations. These fluctuations seem to be due to reflections from the edges
of the sheets in the E-plane direction. To see this, the range of the scatterer

may be calculated using the formula:

R=1/ 2[‘&—" + RJ for R>> R_ (2-4)
Where: R is the range of the scatterer .
n is the number of cycles.
A is the frequency sweep.
RO is the distance between antennas.
v is the velocity of propagation.
Counting the cycles in Fig. 2-11, (the dotted curve), one finds n = 20. For the
other values: R = 4.5 inches, Af = 4.2 GHz, andv = ¢/\[2.5 .
Making the calculation, one finds R = 20 inches. Note that this is exactly
the distance from the E-plane edge of the polystyrene sheet to the center of the

two antennas.

2.3 Theoretical Analysis of Slots in a Ground Plane

Previously, analysis has been presented which shows a relatively
simplified way of computing coupling between two rectangular slots when the slots
are in the far field region. More recently, additional theoretical investigation
has been resumed on the calculation of coupling between two rectangular slots
mounted in an infinite ground plane. These rectangular slots are oriented
so that the E-planes are parallel, or in other words for the strong coupling
situation. The analysis includes the cases for the slots being filled with either
dielectric or ferrite material. Also this analysis will endeavor to predict the

near field coupling as well as the far field coupling situations.
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An experimental arrangement is being prepared to measure the effect on
coupling between the two rectangular slots in the ground plane as a function of
the loading material in the slots. Each slot is backed by a short cavity which
in turn is fed by means of a coaxial cable.

It is expected that measurements will indicate the dependence of the coup-
ling between the slots on materials héving various electrical parameters. The
dependence of the illumination of the transmitting slot on the frequency of
operation as compared to the cutoff will be carefully studied. For the present,
experimental work has been planned for the X-band range of frequency.

The main accomplishment during this report period has been a sub-
stantial start on improved formulation of the coupling situation. Some of the

experiments have been designed but measurements have yet to be initiated.

2.4 Current Distribution on a Rectangular Spiral Antenna.

The current distribution along the windings of a VHF-UHF two-arm
rectangular spiral has been measured. When the antenna is excited in push-
pullas a transmitting antenna, the current is found to be of the form of an
outgoing traveling wave. The phase constant along the winding is very close
to the free space phase constant although the derivative tends to be high around
the corners. Fig. 2-13 shows the result as measured at f = 400 MHz. It is
more difficult to associate a single attenuation constant with the current going
down the windings as can be seen from the figure. The most abrupt change in
the magnitude usually occurs around the corners. When the antenna is considered
as a scatterer, however, the current on the windings is seen to depend very
much upon the form of the incident wave. Two questions of interest arise at
this point. One is whether traveling waves exist on the windings as in the case
when the spiral is used as a transmitting antenna. Both linearly and circularly

polarized waves have been used as the incident wave to this end and no traveling
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waves have been observed so far. The other question is what happens when the
antenna is illuminated with an infinite plane wave. A spherical wave was pro-
duced by another antenna to approximate a plane wave. The magnitude and
phase of this spherical wave over a large portion of the rectangular spiral

has relatively small variations. The magnetic field transverse to the windings
of the spiral was measured along an axis X-X of the spiral as shown in Fig. 2-14.
Afterwards, the scatterer was removed and the field measured again. A typical
result is shown in Fig. 2-15. The scatterer spiral is seen to have only second
order effects on the total field since both the magnitude and the phase of the
total field do not exhibit any drastic change in the presence of the spiral
scatterer. It should be mentioned here that the spiral used is not backed by

a metal cavity. In this particular case, the form of the current excited on

the windings of the spiral and the effect of the terminal conditions of the spiral
cannot be seen from the figure. This is because the incident field rather than

the scattered field largely accounts for the total field measured.
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FIG. 2-14 MEASUREMENT OF THE TRANSVERSE COMPONENT OF
H-FIELD ALONG AN AXIS X-X ON THE SPIRAL SURFACE.
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CONCLUSIONS

The results recorded on corrugations continue to be very satisfactory for
any range of frequencies where there is sufficient room for adequately designed
set of corrugations. This appears to be one of the most useful means of achieving
decoupling. Experimental results for this method have been obtained at S-band
as well as X-band. Furthermore, the evidence presented shows that it is
appropriate to have a set of corrugations which will also operate satisfactorily
at 3 times the design frequency. This means that a set of corrugations can be
very helpful both for decoupling the fundamental but also the third harmonic
from a transmitting antenna. Corrugations have proved useful in reducing coup-
ling between Archimedian spirals as well as rectangular slots.

The study of dielectric cover plates over slot antennas has not been
completed. However, the results indicated to date, show that this is a relatively
complicated problem. As yet, a systematic method of predicting the influence
of such plates has not been achieved. However, the results are consistent with
fundamental concepts as applied to the physical situations covered.

The advanced analysis, which has just begun on two rectangular slot
antennas has not been sufficiently completed so that conclusions may be drawn.
However, it appears that sufficient accuracy can be obtained using approximations

and computer methods to enable and adequate prediction.
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Iv
FUTURE EFFORT

It is expected that sufficient effort will be placed upon corrugations to
indicate more fully, the extent of applicability of this means of decoupling. The
study of dielectric cover plates and the influence on coupling and decoupling has
only been initiated as far as the experimental part of the program. During the
next period, more experimental work and some applicable analysis will be per-
formed. Analytical results will be compared with the experimental data.

During the next period, a major effort will be made to advance the analysis
on parallel slots at least to a point where some predictions of behavior can be
made. It is difficult to predict the success of this analysis by the use of appro-
priate approximation and computer facilities, it is hoped that this analysis will

give further insight on the nearfield coupling situation.
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