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ABSTRACT

This is the final report on the first phase of an investigation of radant struc-
tures. A theoretical and experimental investigation has been made of a special-
ized radant structure consisting of an array of loops supported by two dielectric
panels. Impedance and pattern performance of the radant structure was examined
over a wide frequency range. The radant structure was fed by a ferrite loaded
slot, by a ridged horn and by a half wave dipole. The diffracted field due to a
finite dielectric panel was analyzed using the Huygens- Kirchhoff principle. The
results are evaluated and it is concluded that the performance of the specialized
structure was not sufficiently unusual or promising to warrant further study.
Recommendations are made for a more general approach in a study of selected

radant structures or elements that appear to hold promise.
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INTROD{'ICTION

This is the final report on the first phase of an investigation of a specialized
radant structure. The investigation was initiated at The University of Michigan at
the request of the Avionics Laboratory following preliminary investigation by
personnel of that laboratory. A radant is a structure made up of a radome and
an antenna so integrated that they function as a single device. It is hope that such
a device will possess advantages in size and weight and that it might be more free
from bore site error and also have advantageous polarization characteristics.

The objective of the contract was to analyze, experimentally and theoretically
a radant structure consisting of two dielectric sheets supporting a matrix of an-
tenna elements consisting of dipoles and/or loops which were connected by trans-
mission lines, The investigation was to be centered on a radant device similar to
a specific structure (described later) fabricated and tested in the Avonics Labora-
tory. In the course of the investigation, attention was to be given to the effects on
performance of various parameters of the radant device as a function of frequency.
To be considered were the effect of spacing between input and output matrices, the
effect of spacing between the antenna elements and the feasibility of converting
from linear polarization to an orthogonal linear or to circular polarization. The
impedance characteristics and the propagation constant of the radant structure was
to be studied and the optimum method for feeding the structure was to be deter-
mined.

In tests made by the Air Force their radant structure had been fed by a
narrow band ferrite loaded cavity slot antenna, This antenna developed by Adams
et al (1964) had a resonant frequency of 350 MHz and a radiating aperture of 2
inches by 5 inches., The preliminary test results obtained by the Air Force using
the ferrite loaded slot to feed the radant structure appeared to indicate the possi-
bility of super-directivity, The University of Michigan was therefore asked to

give particular attention to a similar radant and feed arrangement and to account
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for any unusual performance characterisitcs.

Although a description of the radant structure was given by Tai and Andrade
(1965) it is repeated here for convenience. It consists of an array of conducting
loops held in place by two 18" by 18" printed circuit fiber board panels. The
exterior parts of the loops are flat strips attached to the fiber board panels. These
strips, 3/32 inch wide by 15/8 inches long, form parallel rows spaced 1 inch apart
with an end to end spacing between elements of 1/2 inch. The loops are not aligned
in the lateral direction but are desplaced as shown in Fig, 1. The exterior flat
strips of the loops are connected to their counter part on the other panel by a pair
of brass machine screws, 0-80 by 1 inch, The threaded screw arrangement permits
some adjustment in the thickness of the radant panel, Unless otherwise stated the
E vector of the exciting antenna was parallel to the plane of the loops for all pattern
and impedance data reported.

In the first Interim Report (Tai et al (1965) ) the radant structure was treated
analytically as an array of conducting discs., The transmission characteristics of
the anisotropic medium thus formed was calculated and numerous curves were
presented for the incident plane wave case. Results were given for the E-field
both parallel and perpendicular to the plane of the incidence and for anisotropic
panels of thickness /16, X/8, X/4 and X/2 and for several values of permittivity
and permeability, The purpose of that study was to build a reasonable theoretical
model in order to help interpret the electrical characteristic of the loop radome
structure.

Also in the first Interim Report the transmission patterns of an anisotropic
panel excited by a spherical source was examined. The objective was to simulate
illumination by a small electromagnetic horn or dipole placed in the near or far
field of the anisotropic panel. The formulations were completed and some pre-
liminary calculations were made, As far as the beamwidth of the resultant field

is concerned the result based upon the approximate theory compares favorably
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FIG. la: PHOTOGRAPH OF SECTION OF RADANT STRUCTURE

FIG. 1b: RADANT STRUCTURE
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with the experimental result.

An extensive experimental program was initiated during the first interim period.
The radant panel described above was fabricated, and with the ferrite slot antenna
as a feed, pattern and impedance data was obtained for several spot frequencies
below 1000 MHz,

The continuation of the experimental study was reported in the second Interim
Report(Tai and Andrade, 1965), Further pattern and impedance data was obtained
for the radant structure using the ferrite slot feed. Information was obtained on
effect of spacing betweenfeed and panel and the effect of a large versus small ground
plane was found. It was found that the directivity increased with frequency (350-600
MHz) essentially as was predicted. The maximum change in directivity due to
placing the radant structure in front of the ferrite slot antenna was about 8 db; this
occurred at 550 MHz, Even with this increased directivity, the absolute gain of the
combination was low (-6 to -8 db with respect to a half wave dipole) due/to the poor
efficiency of the slot feed at this frequency.

To obtain information on the performance of the radant structure at frequencies
not covered by the ferrite slot feed, use was made of other feeds-e.g. a simple
dipole and a broadband ridge waveguide horn. Preliminary results with these feeds
are also given in the second Interim Report, With the ridges horn as a feed, VSWR
as a function of spacing was measured at several frequencies and resonant spacing
effects were noted. With the spacing fixed, VSWR as function of frequency was
measured; in general the radant structure caused a much higher VSWR,

Preliminary pattern data obtained at x band with the ridged horn feeding the
radant structure showed that for some spacings, the beamwidth was slightly more
narrow; in general, the introduction of the radant caused some break-up in the
patterns accompanied by an increase in side lobes level.

Work on a theoretical investigation of the scattering characteristics of a pair

of dipoles linked by a transmission line was also reported in the second Interim
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Report. This work was initiated as a possible model for a future investigation of a
radant panel made of dipoles connected by a transmission line,

During the present report period, the experimental investigation of the radant
structure described above has been concluded. Using the ridged horn as a primary
feed, patterns were taken at 1,0, 1,5, 3.0 and 8,5 GHz., Pattern data was also
taken at 0.36, 0,75, 1.5 and 3.0 GHz using half wave dipoles as feeds. Some
pattern data was obtained for the radant structure at 2, 5 GHz when one of its center
loops was excited directly.

Additional experimental work was performed on the transmission and pattern
characteristics of a dielectric panel illuminated by a half wave dipole. These
results were of interest for comparison with results from a theoretical study de-
scribed in the first Interim Report (and in Section V of the present report, )

In regard to the theoretical work based upon the Huygen-Kirckhoff's principle,
the approximate theory discussed in the first Interim Report was modified with the
hope of providing a better analysis of the diffracted field due to a finite dielectric
panel, The entire work is now included in Section V of this report. From the
analytical point of view, the modification [Eq. (6) of Section V], is a more logical
approach to the problem. Unfortunately, as far as the numerical results are con-
cerned, the refined theory yields certain data which can not be easily interpreted.
If we refer to Figs, 49-52, it is seen that the resultant field, in many cases,
exhibits a split lobe in the forward direction. Such a spliting does not exist ac-
cording to the approximate theory discussed in Interim Report No. 1. It is very
possible that the use of the geometrical optics approximation for the primary field
is the main cause of this unexpected result. Since the entire analysis is of some
theoretical interest, the work is reported here so we may, perhaps, stimulate some

further investigations on this problem,
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II
RADANT STRUCTURE WITH RIDGED HORN AS PRIMARY FEED

Initial experimental data using the ridged horn as a primary feed for the aniso-
tropic radant panel has been presented (Tai and Andrade, 1965) in the second Interim
Report, Data presented were the VSWR, impedance and radiation pattern charac-
teristics obtained for 1.0 and 8.5 GHz. To complete the study of the transmission
characterisitcs of the radant structure additional patterns have been obtained at
1.5 and 3.0 GHz. The half power beamwidth and side lobe level as a function of
ground plane size and spacing is given in Tables I for 3 GHz and in Table II, beam-
widths as a function of frequency is given. E-plane patterns were measured in
accordance with the coordinate system of Fig., 2, The spacing between the radant
structure and the ridged horn was varied in one-half inch increments from 0 to 2
inches, Radiation patterns were measured for two ridged horn configurations which
were: 1) the ridged horn flush mounted in an 18 inch square ground plane and 2)
ridged horn with no ground plane. Figures 3-6 are radiation patterns obtained from
the ridged horn flush mounted in the ground plane both with and without a radant
structure at frequencies of 1.0, 1,5, 3.0 and 8.5 GHz. The spacing noted on each
pattern is that which resulted in the optimum beamwidth and gain characteristics
for that frequency. Figures 7 and 8 are radiation patterns recorded for 1.5 and
3.0 GHz respectively with the ground plane removed from the ridged horn,

The patterns of the radant structure fed by the ridged horn flush mounted in
the ground plane at 1,5 GHz (see Fig. 4b) are severely distorted, This distortion
is probably due to energy being trapped between the ground plane and the radant
structure. This trapped energy then radiates from the edges and the radant is in
effect an array of three radiating apertures. As a justification for this reasoning
the reader's attention is called to the patterns of the radant shown in Fig., 7b. Here
the panel is fed by the ridged horn with the ground plane removed. At 3.0 GHz the

patterns of the radant structure when fed by the ridged horn (with or without the
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TABLE I

Radant and Ridged Horn Pattern Characteristics at 3.0 GHz

Flush Mounted

18" x 18" Ground Plane Without Ground Plane

0 Side Lobe 0 Side Lobe
Condition 3db Level 3db Level
No Radant 40° ~9db 30° “11db
1/3" Spacing 20° ~11db 17° ~11db
1 21° ~7db 19° ~7db
11/2" Spacing 23° ~7db 19° ~7db

93 b half power beamwidth
TABLE 1T

Radant and Ridged Horn Pattern Characteristics as a Function of Frequency

0 6

f 3db 3db Per cent of
MHz Without Radant Best Condition Reduction
1000 1200 400 67
1500 73° Pattern Not Defined

o Deteriorates
3000 36 170 53°
8500 19° 11° 72°

No ground plane was used for 3000 MHz and 1500 MHz.
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FIG. 2: RIDGED HORN AND RADANT COORDINATE SYSTEM
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E-PLANE PATTERN OF RADANT STRUCTURE WITH
RIDGED HORN IN 18" x 18" GROUND PLANE AT

1.0 GHz AND A 1/2" SPACING

FIG. 3b:
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ground plane) appear to be optimum for a spacing of one-half inch. These patterns
further show a 50 per cent reduction in the half power beamwidth when using the
radant structure, A similar reduction in half power beamwidth was noted in the
second Interim for the radant fed by the ridged horn at 8,5 GHz. There it will be
recalled the half power beamwidth was 190 without the radant and 110 with the

radant,
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I
RADANT STRUCTURE EXCITED BY HALF WAVE DIPOLE

Because of the well defined radiation pattern of the dipole and the ease with
which it can be represented mathematically, a series of experiments were performed
with the radant fed by a half wave dipoles. Other significant features of the half
wave dipole are its simplicity of construction and its low cost in comparison with
the ferrite filled slot. This study was conducted using four dipoles resonant at the
following frequencies: 0.36, 0.75, 1.5 and 3.0 GHz. Both E and H-plane patterns
were recorded following the coordinate system of Fig. 9. The dipoles were
oriented to provide normal incidence with the E-field parallel to the plane of the
loop element as shown in Fig. 10. The spacing between the dipoles and radant

structure was a variable which was adjusted in finite increments,

3.1 Radant Excited by Half-Wave Dipoles at 0, 36 GHz

At 0. 36 GHz the radant structure is approximately 0, 56\ square and the loop
perimeter is approximately 0. 145X and is thus an electrically small loop. Elec-
trically small loops are defined as having a uniform surface current distribution
around their perimeter, a desirable feature for theoretical analysis. The E and
H-plane radiation patterns for the half-wave dipole (less the radant)are shown in
Fig, 11 and 12, Figure 13 and 14 shows the E and H-plane patterns for the dipole
with the radant structure; the radant-dipole spacing is three inches. It is inter-
esting to note that the pattern of Fig., 13 (E-plane pattern) has a half power beam-
width which has been reduced approximately g° as compared to the pattern of Fig.
11, Further the pattern of Fig. 14 is no longer omnidirectional but has a 3db
improvement in the forward directivity as compared to Fig. 12. Additional data
that has been obtained suggests that the directivity of the radant increases as the

spacing between the radant structure and dipole increases.
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3.2 Radant Excited by a Half-Wave Dipole at 0. 75 GHz

At 0. 75 GHz the radant structure is approximately 1,14 square and the loop
perimeter is approximately 0, 30X, no longer to be considered electrically small.
The E and H-plane patterns for the dipole less the radant are shown in Fig. 15 and
16 respectively and with the radant in Fig, 17 and 18 respectively. Employing a
half inch spacing between the radant structure and dipole the E-plane half power
beamwidth was reduced approximately 60O as compared to the dipole with the radant.
However, the H-plane pattern (for the half inch spacing)exhibits maximum radiation
in the direction tangential to the structure. Additional data was collected for larger
spacings (see Fig. 19 and 20 for 3 inch spacing) and it was found that the E-plane
half power beamwidth increased as a function of spacing. For these larger spacings
the H-plane pattern had a maximum in a direction normal to the radant structure
in both the front and back half planes. A discouraging feature was that the lobe in
the back half plane was 7db larger than the lobe in the front half plane.

3.3 Radant Excited by a Half-Wave Dipole at 1.5 GHz

At 1.5 GHz the radant structure is approximately 2, 28 square and the loop
perimeter is approximately 0,60, The E and H-plane patterns for the dipole less
the radant structure are shown in Fig, 21 and 22 respectively., Patterns with the
radant structure are shown in Fig, 23 - 26 for both E and H-plane cuts and two
spacings (3/16 and 2 inches). Ingeneral it maybe concludedthat for small spacings,
and in the E-plane, maximum radiation occurs in the forward half plane and as the
spacing increases radiation maximizes in the back half plane, In the H-plane it
was noted that radiation was tangential to the structure for small spacings and
became normal to the surface for large spacings with maximum radiation in the

back half plane.

3.4 Radant Excited by a Half-Wave Dipole at 3.0

At 3.0 GHz the radant structure is approximately 4. 56\ square and the loop

29
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perimeter is approximately 1,20\, Patterns for the dipole less the radant structure
are shown in Fig, 27 and 28 and with the structure (for a 2 inch spacing) in Fig, 29
and 30, At this frequency radiation in the direction tangent to the radant surface
was not observedfor H-plane polarizationandin general the E and H-plane patterns
have deteriorated considerably and the back lobes tend to exceed the forward lobe

through the radant,

3.5 Cross Polarization Measurements

Cross polarization measurements were made by rotating the transmitting
antenna about the axis of its major lobe. The data of Table III shows that as the
frequency is increased the amount of cross polarization also increases such that
the isolation between the two polarization components is only 17db at 3 GHz, The
cross polarization isolation of the dipole (less the radant structure) was measured

at each frequency and was found to be at least 35db.

TABLE III

Cross Polarization

Frequency Cross Polarization
(GHz) Level db
0.36 -32
0.75 -30
1.5 -24
3.0 -17

3.6 Conclusionson the Use of the Dipole as a Primary Feed

From the data presented in the preceeding section it can be seen that the

radant structure tends to improve the directivity of the dipole at the lower
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frequencies; at the higher frequencies, however, the addition of the radant may
produce a distorted or unusable pattern. Thus, its use is limited to those
frequencies where the thickness and loop perimeter of the radant structure are
electrically small, At those frequencies where the loop perimeter is electrically
large the radiation characteristics of the loop are not well defined, i.e., it has

a multi lobe characteristic., The break up in the pattern at the higher frequencies

is caused, no doubt, by the out of phase currents on the loop perimeter.
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v
RADANT STRUCTURE AS A PRIMARY SOURCE

Consideration has been given determining the feasibility of using the radant
structure as a primary source as a means to better understand its behavior. To
employ the radant structure as a primary source, only one of the loops was active
and the remaining loops of the array were parasitically excited. The resulting
radiation pattern should then give an indication of the amount of coupling between
the loops. The active loop was located in the central region of the structure and
excited through a quarter wave balun from a 50 ohm coaxial system. Although the
quarter wave balun used provides a simple transformation from an unbalanced to
a balanced system, it is limited for mechnical reasons to frequencies less than
3.0 GHz.

The balun used as a part of this study consists of a /4 length of two trans-
mission lines shown in Fig, 31 where it will be noted that the 50 ohm coax is fed
through one leg of the two wire system. This type of balun is limited in bandwidth,
therefore to investigate the electrical characteristics of the self-excited radant, it
was necessary to adjust the shorting strap of the two wire system shown in Fig, 31
such that it was A/4 from the feed point. A balun of this configuration tends to
radiate because the currents flowing on the two wire system are of opposite polarity
and the wires are separated a finite distance. If the wire spacing is anappreciable
part of a wavelength (>1/10) radiation will occur causing unwanted lobes in the
radant radiation patterns,

With the balun properly adjusted and connected to a single loop patterns were
obtained in both the E and H-plane., The loop was similar in construction to those
of the radant structure. For these measurements the balun was oriented such that
it was in the plane of the loop as shown in Fig. 31, E-plane patterns measured for

this configuration are shown in Fig. 32, 33 and 34 at 2.5, 3.0 and 3.5 GHz asnoted
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FIG. 31: SINGLE RADANT LOOP AND BALUN
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E-PLANE PATTERN OF SINGLE RADANT LOOP AT

2.5 GHz

FIG. 32
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in the figures, H-plane patterns were taken also and were found to be essentially
omnidirectional, The radiation characteristics are typical of electrically

small loop antennas, however, at frequencies of 3.0 GHz and above the patterns
break up as would be expected for electrically large loop antennas, In addition to
the above pattern data cross polarized data was obtained. At frequencies above

2.5 GHz the cross polarization component was within 10db of the excited component,
The cause for the high cross polarized data is assumed to be due to 1) the balun,
and 2) the electrically large size of the loop.

Since the data for the single loop was found to be limited to frequencies below
2.5 GHz, the study of the radant (as a primary structure source) was restricted to
this frequency range, To conduct this study the balun was connected to one of the
loops in the central portion of the array as shown in Fig. 35, It was assumed that
the remaining loops of the array would be parasitically coupled to the active loop.
It was felt that loops in close proximity to the active loop would be more tightly
coupled than the others. Following this presumption the aperture distribution
would have a natural taper. However, little was known as to the aperture phase
distribution. Because of the complexity of the problem it was felt that a better
insight could be obtained from experimental rather than theoretical data.

Patterns obtained at 2,5 GHz are shown in Fig, 36 and 37 for the E and H
planes respectively, The multi-lobe characteristics of the structure indicates an
out of phase condition for those parts of the structure that are excited. Other tests
were made involving variations in frequency or feed arrangement but no satis-
factory patterns were obtained.

Due to the difficulties of obtaining clean excitation of one loop and the com-
plexity of the patterns obtained with the self-fed radant structure it did not appear
feasable to continue this phase of the investigation, It seemed unlikely thatfurther

measurements of this would add to the knowledge of the radant behavior.
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FIG. 35: SELF-EXCITED RADANT STRUCTURE
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\%
TRANSMISSION THROUGH AN ISOTROPIC DIELECTRIC PANEL

A theoretical study of an anisotropic panel of conducting discs was reported in
the first Interim (Tai, et al 1965). The purpose of this study was to obtain a better
understanding of the transmission coefficient of the loop radant structure (supplied
by Avionics Laboratory). From this study it was concluded that to verify the theo-
retical analysis, it would be desirable to investigate an isotropic dielectric panel
since the transmission coefficients of the isotropic panel could be readily measured
using relatively simple sources to excite it,

Experimental data was collected employing a 51" x 51" x 2" plexiglass sheet
at 0,34 and 0. 75 GHz. Toexcite the plexiglass sheet half wave dipoles were employed.
Preliminary results obtained for the plexiglass sheet showed the supporting wood
structure (Fig. 38) was causing undesired undulations in the far-field radiation
pattern. To overcome the effects of the supporting structure a smaller plexiglass
sheet 12" x 12" x d" thick was employed for some of the measurements. The "d"
dimension of the smaller panel was varied to obtain transmission characteristics
as a function of thicknesses of plexiglass. In the theoretical analysis the incident
field was normal to the plane of the plexiglass and its dielectric constant was
assumed to be 2.76, Employing these conditions both theoretical and experimental
pattern data was collected and compared. The theoretical pattern data was calcu-

lated employing the following expression:

T = 1
1+<2rs1n;c
1-r
T- 1 12
[2+ sinx
1+ 5
1-t
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where
X = Xo Jk—sinze
= cosO - Jk—sinze
2

cosf+Vk-sin 0

¢ = kcosO - Jk—sin29
kcos6 - Jk—sinze

x = thickness of dielectric in radians
in terms of wavelength in air

k = relative dielectric constant

The geometry of the panel is shown in Fig, 39 where Ga is the limiting angle.
Since the dielectric sheet is square the angle Oa will be equal for the E and H
planes. Since the theoretical analysis was based on an isotropic source, experi-
mental data was collected only for the H plane of the dipole, To compare the theo-
retical pattern with the experimental data the precedure outlined below was followed.

1) An H-plane pattern of a resonant dipole alone
was measured at the frequency of interest.

2) Step (1) was repeated with the plexiglass.

3) A far-field pattern was calculated using the
above expressions.,

4) The results of (3) were multiplied by the pattern
of (1).

5) The results of (4) were then compared with (2).
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Typical results of the comparison between the theoretical and experimental
data are shown in Figs. 40 for 0,34 GHz, Fig. 41 and 42 for 0,75 GHz and Fig. 43
and 44 for 3.0 GHz. The 50" x 50" panel was used for the first two frequencies and
the 12" x 12" panel was used for the 3.0 GHz measurements, The spacing between
the dipole and plexiglass sheet is a variable that must be taken into account in view
of the pattern variations that are noted at 0. 75 GHz, since the angle Ga is a function

of the spacing.
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VI

TRANSMISSION OF ELECTROMAGNETIC WAVES
THROUGH A FINITE DIELECTRIC PANEL

6.1 Introduction

In this section we formulate the equations which determine the electric field
which a finite dielectric panel transmits when excited by an electromagnetic source,
Since the panel is finite the free space extensions of the panel surface must be
correctly accounted for, The reason for this is that the source will not only excite
the panel but also the extension of the panel area which is free space. This exten-
sion can be considered as a secondary source of Huygens wavelets which will contri-~
bute to the observations point,

In order to evaluate the distant transmitted field we will need to know the
electric field on the surface of the dielectric panel. This field is obtained by using
the plane wave transmission coefficient obtained when the panel is an infinite dielec-
tric sheet. It is expected that this would be a reasonable approximation to describe
the field in the center portion of the finite panel, but near the edges such a repre-
sentation certainly does not hold true. Yet a better approximation to the electric
field on the dielectric panel is hard to obtain without solving the boundary problem
rigorously. It would be interesting to obtain the dielectric field by numerically
integrating the integral equations and comparing it to the approximation used in
these pages.

Three different sources are considered. The first is a plane wave and pre-
sents no particular problems since the integrations can be performed exactly.

The line and spherical sources are more difficult in the sense that part of the
integrations cannot be evaluated exactly, In each case the integrations are carried
out by stationary techniques. The use of the plane wave transmission coefficients
when we have point or line sources is facilitated by decomposing the point source

in an angular spectrum of plane waves,
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6.2 Formulation

The vector Huygen's formula for diffraction from an aperture in a plane sur-

face is Jackson (1962) and di Francia (1953a)
E(r) = 2 /_/ (fxE(p")) x V'G(r, 2')da" (6.1)
S
00

The normal to the plane surface is h and is pointing in the half space in which the
diffracted field E(r) is evaluated. In the above form with the integration over the
entire surface Soo’ E(r) reproduces the field of the sources which are in the half
space in which -1l is pointing, If the entire surface consists of a perfectly conduc-
ting sheet with an aperture Sa in it, the field in the half space in which 1 is pointing

is given by
E(r) = 2// (ﬁxE(g')) x V'(r, p')da’ (6.2)
Soo

This is exact if we can substitute in (6. 2) the exact field E(p') in the aperture. Usu-
ally in practice one approximates this aperture field by the incident field and calls
the above expression the vector Huygens-Kirckhoff formula,

For the case when the surfaces Sa is made up of a dielectric sheet with free

space occupying the remaining surface we can write the field in the +1 half space

as

E(r) = 2 (fxE_(p') x V'Gda' + 2 // (8xE(p")) x V'Gda’
//sa D S )

w-a
(6.3)

where _E_D is the field on the +1 side of the dielectric sheet. Now if we add and

subtract in (6, 3) an integral over Sa we can write it as
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E(r) = 2// (ﬁx[ED-E] )x V'Gda'+ 2 f/ (IxE)xV'Gda' (6.4)
S S
a (0¥

The second integral on the right side of (6. 4) is just the field of the sources in the
-1 half space; it will be denoted by ES(£)° The total electric field in the presence

of the dielectric sheet of area Sa is then

E(r)=2 // (nx [ED—E] )xV'Gda'+ E(r) (6.5)
S
a

Expression (6, 5) is exact if we know the exact field E_ on the dielectric panel

D
including the edges of the sheet. We will ignore any dielectric edge effects and
approximate ED by TE S( p') at each point on the dielectric panel, where T is the
plane wave transmission coefficient of an infinite dielectric panel. This procedure
is a crucial step. The accuracy of the analysis depends very much upon the validity
of this assumption, It corresponds to a physical optics analysis where the radiation
from the -n half space is decomposed into rays impinging on the panel. They

emerge on the other side of the panel as rays in the same direction, but modified

by the transmission coefficient. Expression (6.5) can then be written as

E(r) =2 // (T-l)(ﬁxE)xV'Gda'+ES(}‘_) (6.6)
S
a

-ik R
where G is the free space Green's function G=e ° /47R. The gradient operation

on G can be performed explicitly

E(r) = — (T-1)(RxE) o IR (ik+ =) Rda'+ E_(r) (6.7)
S L G :
a
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If we are interested in field distant from the panel we can made the far field approxi-
mation in the integration over Sa' The present formulation which results in (6.5) is
particularly suitable for this, since the integration is confined to a finite area and

the far field approximation can always be carried out, That is, let
~ A
=|r-p'| Tr-kep'+. .. (6.8)

Substituting this in (6. 7) we can write

E(r)——— kx// (T- 1)(an)e— Eda'+E (r) (6.9)

where 15=kf< and k is a unit vector pointing in the direction of the observation point

E.

6.3 Plane Wave Sources

Let us now consider the case when a plane wave from the - half space is
incident on the dielectric panel, If the dielectric plate lies in the xy plane, as
shown in Fig, 45, then ﬁ=§z. For convenience let us consider two cases of plane
wave incidence, One will be a variation in the plane of incidence, the other a
variation in the perpendicular plane. Each case will then be characterized by one
transmission coefficient, i.e. for variation parallel to the plane of incidence we
will need only the parallel transmission coefficient Tl [ for variation in the plane
perpendicular to the incidence plane T 1.

6.3.1 Variation in the Plane of Incidence

If we have a plane wave incident on the plate an angle 6 in the zy plane and

polarized parallel to the plane of incidence, its electric field is
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A A - ° + +
Ell =E (cos6i -sin6i Je jk(ysin6+ (z+d)cos6)

(6.10)

where d is the thickness of the panel, The additional factor d in the phase function

kdcos6 is introduced since we are using a transmission coefficient (6. 18) for which

the —/i‘z side of the panel coincided with the z =0 plane., The ﬁxE term in (6, 9)
becomes

" . . .
(1 xEl ) =1 E cosoe Jk(ysing' + dcos6') (6.11)

z =S X O

z=0

For a circular plate of radius a, (6.9) reduces to

. -jkr a 27

JEoe A -jk(y'sin6' + dcos0')
E(r) = —— kxi ((T (6')—1) cosfO'e
== 2rr — X I

o Jo (6.12)

s 0
. JKP sin6cos(@-0 )p'dp'd¢'+l*3_'sl

where p' is a radial distance in the xy plane, Since y' = p'sin()' we can write the
above expression as

jB o JKT
A -1 !
E(r) = ————kxi (T, , -1)cos6'e Jkdcos®
== 2rr — x 1
(6.13)
a 2m
odp! e‘]kp'(SlﬂO'sln¢' - sinfcos((f _¢))d¢'+EISI
o 0
Defining an angular function as
L2 2 s 172
= + - i
£ = (sin”0'+ sin"0 - 2sinfsind'sing) (6.14)
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the angular integral can be transformed into

2m -jkaCOS¢O
e d¢o = 27rJ0(kp§)

(o)

The radial integral can then be integrated with the aid of

pro(p)dp =pd(p)
The resulting electric field is then

—ik(r+ '
one jk(r+dcos6') 3. (dag)

E(r) = ka&

2 1 ! > 3 Il
- +
- a cosf (’Ii I(6) 1 lgx1x Eq (r)

(6.15)

(6.16)

(6.17)

The plane wave transmission coefficient for a dielectric panel of thickness d with

electric field in the plane of incidence is (Tai et al 1965)

3 LI P |
(1 —r2 )e]d(kcose kz)

1 - L

52kt d
Z

/ . 2
€ cosf'~-[€ -sin 6"
T r -

ercos6'+ € -sin @

k' = k/e -sin26'
Z r

where er is the relative dielectric constant of the dielectric panel.

3]
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When the dielectric plate is of rectangular shape with sides 2a and 2b, the
far field approximation (6.8) for R can be written more conveniently in rectangular

coordinates as

~_  xXx'tyy'

R=r - (6.21)
Expression (6, 9) for a rectangular plate reduces to
. -jkr
JE e :
o - k !
E(r) = ——— kxi (T, -1)cosf'e deosd
== 2 — x|
(6.22)
2k l:_-x' b jk(% - sing")y'
e dx' e dy'-%—ElSl
-a -b

After integration the total electric field in the presence of a rectangular panel

becomes
-1 + 1
one jk(r+ dcos6') o ”
- A et -
E(r) - kx1xcose = (Tl |(6) 1)
(6.23)
. y oo
sinkb(= - sinf'")
. sin kix : +E|SI (r)

I sinf'
r

Stating the above expression in spherical coordinates by replacing x and y by

rsinfcos@ and rsinfsing,
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iE e-jk(r+ dcos6')

(¢

A - !
E(r) = (sinf it cochos¢i¢) 20080

sinfcos@

7kr

sinkb(sinfsinf - sin6"
sinfsinf - sin6"

- (T (@) -1) sin(kasin6cosg) +El)

6.3.2 Variation Perpendicular to the Plane of Incidence

If we have a plane wave incident on the plate at an angle 6 in the zx plane and

polarized perpendicular to the plane of incidence, its electric field is

El-f } e—jk[xsin6+ (z+d)cos 9]

Eg=E.i (6.24)
The ix E term in the xy plane becomes
A A -1 tadq |+ 1
¢ <ul) _ 1R jk(x'sinf'+ dcos ') (6. 25)
z =S 2=0 X 0

In the above expression we can replace x' with x' = p'cos@'. Substituting this in

(6.9) we obtain

jE e--jkr
_7o 4 n_1) ,~jkdcos@'

E(r) o l_i_Xlx(T_L(Q ) 1)e

a 2n
- 1 3 \ 1 i -
odp! o ke [sind'cos@' - sinBcos(f ¢ﬂd¢""§é
0 0
To integrate the angular part we can define an angular function as
&= (sin29' + sinze - 2sin9'sin€cos¢)1/2 (6.27)
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With the help of this the (' integral can be transformed into

-jkpScos¢o
e d¢o = 27rJ0(kp§) (6.28)

(o)

The radial part can then be integrated with the aid of (6. 16) to yield

one—jk(r+ dcosf') , Jl(k'g"a)
E(r) = - a” (T, (e')-1)5x1x——k§;-+ESL (6. 29)

The plane wave transmission coefficient T | for perpendicular polarization is

identical to T, ;as given by (6.18) except that in (6.18) 1

[ |
/ .2
cosf! - e - sin 6!
T

r|= - (6.30)
cosO+ fer - sin O'

When the dielectric plate is of rectangular shape we can follow the same

lshould be replaced by

procedure that was used to obtain (6, 23). Expression (6. 9) for a rectangular plate

with the incident wave E_ of (6. 24) becomes then

S
-1 a i 5_ 1 ! 1
JE g e jkdcos6' e]k(r ino o’
[ — * ) - -

E() = —— 15X1x<T_L(9) e .

b jklyv
e 1

dy'+E (6.31)

-b 8
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Integrating this expression we obtain

-1 + 1
one ]k(I‘ dcos6 ) o o sinka(z;__sinel) Kevb
E() = kxi (T)-1) = sin 2+ EL (r)
== TKr X y X . r ~—S =
7 sinf'

(6.32)
as the total electric field in the presence of a rectangular dielectric plate.

6.4 Line Sources

Let us now consider an infinite dielectric strip excited by an electric or
magnetic line source which is parallel to the infinite axis of the strip. After formu-
lating the two-dimensional problem rigorously we will again make use of the physi-
cal optics approximation which will permit us to use the plane wave transmission
coefficient to obtain the field in the dielectric.

The vector Huygens' formula (6. 1) appropriate for a two-dimensional body
like the strip can be obtained from (6. 5) by letting one dimension of the area Sa go
to infinity. When the excitation is a line source parallel to the strip, the OxE term
in the integrand will be independent of the axial coordinate of the line source. Let
us assume that we have a strip in the xy plane, infinite in the x direction and of
width 2b in the y direction which is excited by a magnetic line source positioned at
z =-(h+d)=-h', and y = 0. The geometry is shown in Fig, 46, Equation (6. 5)

can then be written as

© 2 2, 2
-1 . —Jk/ (x-x")"*(y-y' ) *z
E(p) = 5 fx[E (y)-E(y)]dy' xv = ax'+ E (p)

-b - j (x-x)% (y-y' Y 22

(6.33)
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Since V' = -Vwhen operating on the Greens' function. We can integrate the x' part

with the aid of (Magnus and Oberhettinger, 1949)

(2) j e K Yats
H D) = L e & (6.34)

-0 'yz+ t2

to give

E(p) = —215 ix[E,-E] xV'Ho(z)[k [(y-y)°+ zz] dy'+Eg(p)  (6.35)

-b

If we are interested in the far field approximation we can make use of the asymp-

totic forms for the Hankel function with the approximation

/ 2 2 . 1
(y-y") 472 2 p-¥ (6.36)

P

and

. . . !
(2) Iq [z etk yf
V'H Zje [— e p (6.37)
(o] m

We obtain then

- VY
P

— -ito-1) P ik
E(p) = Bp © f (ﬁx[ED—E]>xﬁe dy'+Eg(p)  (6.38)
b

where p is the radial distance in the zy plane.
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If we have a magnetic line source, its electric field is given by

E (p) = €6E0H1(2) [k (z+h1) 4y ] (6.39)

If the argument of the above Hankel function is large, i.e. the line source is many

wavelengths from the strip, the asymptotic expression of (6. 39) becomes

—ij(z+h‘)2+y2+j-Z-

a 2 e
E (p) =1 jf—- (6.40)
s 6 oV 7k [(z+h')2+y2)] 1/4

We now consider this as a bundle of rays which originate at z = -h', y =0 and
impinge on the dielectric strip at various angles 6'. It will be assumed that each
of these rays passes through the dielectric modified by the transmission coefficient

T and emerges on the other side of the strip as TEs' Hence the fix term in (6. 38)

becomes
Lk (1024 9124 z
A 2 2 e
i Xx(E -E) = -i cosO‘(T (9‘)—1>jE —
2o F / 1
z" —o 0 X I oV 7k [(h')2+y'2] /4

(6.41)

where TI |is given by (6.18).

The integration variables are ' and y' and are related to each other by
y' =h'tan@'. The observation variables are p and y or y = psin6 and bx'ix =1 0
With these transformations and (6.41) substituted in (6. 38) we obtain for the total

electric field
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. 0,
-jkp b . .
_ e " " ' - -jkh'(sec@' - sin6tané')
E(p) i f (TI (6" 1) Jih'seco” e a0+ E (o)
_eb

i ©
T kp
(6.42)

where Gb = arctanb/h' and the far field of the line source ES(Q) is given by (6.40).
A further simplification results if we assume that the point of observation is much
farther from the origin than the line source is, i.e. p >>h', Equation (6.40) can

then be written as

) 5 -jk(p+h'cosh)+j %
ES(Q) = IGEOJ/’/T_kp e (6.43)

The total electric field in the fz half space in the presence of the dielectric strip

can then be written as

£l -k | (%
-3 ! ! a3 1
E(p) = - 00 e (T' - 1) ,k(h+d)se09'. o jkh'(sec6' - sin6tanb )de'
T /kp
_eb

N 2_7_r o-Jkh'cos6 (6.44)
where h' = h+d.

This can be integrated by the stationary phase method if kh >>1, Differen-
tiating the phase term one can show that the stationary phase point is given by 6' =6,
This corresponds to a ray which impinges on the panel and emerges from the panel
in the same direction., Hence the integral will have a stationary point only as long

as the observation direction 6 is less than the integration angle 6, , i.e, 6 < Gb.
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For observation angles which are less than the angle which the line source makes

with the panel, the stationary phase method yields for the integral

6

b 3 1
:(T‘ I(e)-1>/—?1r-e Jich'cost 6<0, (6.45)
...eb

Substituting this result in (6. 44) the total electric field becomes

. /T -jk(p+h'cos6)+j %
E(p) = E ()T (0) = 1B i [ T (6) (6.46)
From the above result we can deduce that for 6 < Gb, that is when the observation

point angle is such that we cannot see the line source since it is in the shadow of the
panel the fields have a plane wave behavior. Another way of stating this is that the
transmitted field is due to a line source with radiation pattern or polar diagram

Tl l(e).

For observation angle 6 > Ob when both the line source and the panel are
visible the direct radiation by the line source should be the significant contribution
to the total field in the fz half space, Since the stationary point angle is now out-
side the range of angles which define the integration limits a different method of
approximately evaluating the integral must be found. When kr >>1 we can obtain
a series in powers of 1/kr by partial integration (di Francia 1953b), However, it
is doubtful whether such a procedure would yield results which are more accurate
than simply approximating the field for 6 > Bb by the primary field. Unless the
integral can be evaluated accurately in this region it might be best to make the

approximation by the primary field.
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Even if the integral is evaluated accurately the results so obtained should be
viewed with caution for observation angles 6 ® Gb. This is the region where the
radial plane waves varyrapidly as they change from transmission through the panel
to free space. A better estimation of the ﬁxg term in the integrand, i.e., one more
accurate than the sudden jump from TE to E assumed in this analysis might be
desirable.

For the range of observation angles 6 < Bb we can also conclude that the
stationary phase method of approximating the integral gives a transmitted total
field for the strip which is identical to the field of an infinite panel. Expression
(6.46) is obtained when transmission through a panel infinite in the x and y direc-
tion is considered (Senior, 1958), This could have been expected since the finite
limits of an integral that is evaluated by the stationary phase method can be ex-
tended to infinity, provided that the stationary points exist in the interval defined
by the integration limits. Hence the transmitted field appears as due to a line
source ES with radiation pattern or polar diagram Tl |

Let us now consider the case when a dielectric strip is excited by an electric

line source, as shown in Fig, 47, The electric field of the line source is given by

_}gs(g) = nyOHO(Z) [k/ (z+h+ d)2+x2] (6.47)

The total electric field in the presence of the dielectric strip is then given by (6.38)
with y and y' exchanged by x and x' respectively. The polar distance p is now in
the zx plane, All of the steps that were used when the magnetic line source was
considered can now be repeated for this case with the exception that the vector part

of the nx term in the integrand is now given by iniy = -EX and the observation

vector is given by E)X;X = 'i\ycos 0. The total electric field in the presence of the
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dielectric strip is then given by

AE ke
E(p) =

™

6

a i o '
cos6 CT_L(QI)_l) }kh‘sec36' e jkh'(sec' - sinftan6 )dG'

-6

a
-1 1
+/ 2j7r o jkh'cos6 (6.48)

where the width of the strip in the x-direction is 2a, hence Ga =arctana/h' and T 1

kp

is given by (6.18) and (6. 30). The integration can again be performed approxi-

mately by using the stationary phase method.

6.5 Spherical Sources

Transmission through a dielectric panel excited by a magnetic or electric
dipole will now be considered. The field of the point source will be treated as a
three-dimensional plane wave which at each point on the dielectric is transmitted
according to the plane wave transmission coefficient T. The field of a point source
is composed of an angular spectrum of parallel and perpendicular polarized plane
waves. Let us consider a dipole which is located a distance h' along the negative
z-axis,

6.5.1 Magnetic Dipoles

If we have a finite dielectric panel of thickness d positioned such that its Ez
face coincides with the xy plane, then the dipole will be at a distance h from the
—fz face of the panel (h'=h+d), I we use a small slot antenna, with dimensions
much smaller than a wavelength, to excite the dielectric plate, a good approxi-
mation to its radiation pattern is the field of a magnetic dipole oriented such that

its axis is parallel to the long dimension of the slot, The electric field of a
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magnetic dipole oriented along the x-axis, as shownin Fig, 48 is given by (Jackson,
1962)

-jkR

R

E (r,6,0) =E (kxi) 2
—S 0o X

e-ij
_ TN s
Eo(s1n¢ iyt cos 6cos( 1¢) 5

(6.49)

2 1
where R = (r +h'2+ 2rh'cos6) / 2. When the observation point r is far from the

origin, R can be approximated by
R =r+h'cosé (6.50)

Upon further examination of the above expression we find that the i component

7]
corresponds to a parallel polarized wave and the 1¢ part to perpendicular polariza-

tion., Hence upon transmission through the dielectric the field on the 1 side of the

plate can be approximated by

~jkR"
A a e
= E Dsing'd +T | (6')cos6'cosg't ) S
Eq 0<T”(9 )sing iy T | (6')cos6 cosf 1¢> 5 (6.51)

where R' = (h' +p' ) 12 = h'sec6' and p' = (x' +y' 1/2. The total observed far field

in the presence of the dielectric plate can then be written from (6,9) as

E e_Jkr
0

E(r) = o kx izx (T”(ev)— 1>sin¢r {6+CTl(ev)_ 1) cos¢'f¢
S
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-jk(R' _f(. Q') E .
e 42 (qind? + s+ -jk(r+h'cos6)
= da'+— (sing i cosBcosf 1¢)e
(6.52)
The vector triple products simplify to

AR ) 2 '

rx(1zx16 = -190036
(6.53)

A A A
i"x(i xi ) = -i,cos0
z” ¢ ¢

If we now have a circular plate of radius a, the total transmitted electric field is

given by

.. -jkr 0 21
]Eoe & 4 2 A ]
= ! - 3 t o+ - 1 13
E(r) 5 kh [(T” 1) sin@'cos® 1, (TJ. 1)cos™6'cos@ 1¢
07 0

(6.54)

—ilTh! ! _ i ' ~ 0
.o Jkh [seco' - sinbtan6'cos(f - ¢ )]tane'sece'de'd¢+ES(g)
where p' is replaced by p' = h'tan6' and 6, = arctana/h', The @' - integration can

be performed with the aid of the integrals

2m
cos¢'ejfycos(¢ -9 dg' = 277jCOS¢J1('Y)
0
(6. 55)
2m
sing'e %00y - anjsingr (v
0
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Using these expressions in (6, 54), we obtain for the total field

~jkr 0
—Eoe a
A s 2
E(r) = — { [(T“ - 1)s1n¢J1('y?16+ (T.l. - 1)cos6'cos¢J1(’Y)1¢]
0
—ilh! 1 A A _ikh!
‘e Jkh'secd tan6'de’ - (sing 1,+cos fcos@ i¢)e Jkh'cos6 (6.56)

where v = kh'sin6tan6', Explicit evaluation of the integral over 6' is a difficult, if
not impossible, task. A numerical integration with a computer might be a logical
approach. A stationary phase evaluation can again be applied, However, doing so,
the additional accuracy gained in evaluating the @ - integration exactly will be lost,
It is well known that if one integration of a double integral is done exactly and the
second by stationary phase method, the results are only as accurate as if both inte-
grations were performed by stationary phase, As a matter of fact, to do the 6' -
by, - (H1(1)+H1(2)) /2

and then find the stationary phase point, After differentiating the phase term we

integration by stationary phase we must first replace J

find two stationary points for 6' =16, However, 6' = -6 is outside the range of

integration and in a first order analysis must be discarded. The real stationary

(1)

point is at 8' = 6 which is obtained from H The final results of a stationary

1
integration of (6, 56) is then
- '
Eoe jk(r+h'cosh)
_ dl 4 2
E(r) - [TH(G)s1n¢ 19 Tl(B)cosecosQf 1¢) ] (6,57)

valid for observation angles for which 6 < Oa.

If we have a rectangular dielectric plate as shown in Fig, 48, the formulation
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appropriate for this geometry is, from (6, 52),

. -jkr L.a b
]kE e [ 'y 2
:_...__0__ ! 1) - _Y_ll_" ! 1) - Lx_‘/« ]
E(r) oy f f (T x',y') 1) R 16+<T x',y") Dsz o g
-a -b

. X y
- T x4 < yy!
]k(R rX ry) E

A A -i +h!
.2 oL dx'dy'+—Eg(sin¢i9+cosecos¢i¢)e Jk(r+h'cost) (6.58)
where the angular functions are replaced by
1 1
cos@' = % = _h__
/ p!2+h12
sind' = p' /R (6.59)
X' X' . y'
vV = ___ = L A,
cos( e sin{ o
X +y )

Unfortunately, the transmission coefficients are now a function of both inte-
gration variables. An explicit evaluation seems a difficult task. Resorting to
stationary phase techniques, the integration of (6. 58) yields an expression identical
to (6.57), but valid for observation angles 6 < arctanp'/h'. The maximum angle of
observation for which (6, 57) applies occurs when p' =Ja2+ b2 at an azimuth angle
of §§ = arctanb/a.

6.5.2 Electric Dipoles

(1)

The electricfield of an electric dipole, oriented along the y-axis is given by
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o -jkR

E (r) =E (kxi )xk
=5 = 0 y
(6.60)
~jkR

- ) s e
E [cos6s1n¢ i+ cosf 1¢] 5

Following the procedure of the last section for a magnetic dipole we obtain for
the total electric field in the presence of a circular dielectric plate which is illumi-

nated by an electric dipole

—Eokh'e_]kr Ga . . ]
e 1) - tqi i 4+ 1y o 3
E(r) - [CT“(G )-1)cos'sing (Vi +(T | (6") 1>cos¢J1('y)1¢
0
-jkh'sec6' Eo 4 4 . -jk(r+h'cos6)
‘e tan6'do'+ — (cos6sing i+ cos@ i¢)e
(6.61)
After a stationary phase integration the above expression reduces to
- !
E e jk(r+h'cos6)
E(r) = ° = T“(G)cosesin¢ iG+ Tl(O)cos¢i¢)] (6.62)
valid for 6 < Oa.
For a rectangular plate the electric field is expressed by
. -jkr La b
JKE e 2
-9 PR Yy v ooy 1) Bl Xs
E(r) 5 [(T”(x,y) DR'z 5 1o CTJ_(x,y) g ol
-aJ -b
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. X y
- 1+ 2 Ly
e]k(R =X I‘y)

R dx'dy'+E (r) (6.63)

A stationary phase evaluation of the double integral is given by (6, 62) and is
valid for 6 < arctanp'/h'.

6.6 Computations

The integrations of (6,44), (6.48) and (6. 56) were performed numerically on
an IBM 7090 computer and are presented graphically in Figs. 49, 50, 51 and 52.
Equation (6.44) gives the total transmitted field in the presence of a dielectric strip
which is excited by a magnetic line source as shown in Fig, 46, Since only the
angular variation 6 and the source spacing kh' are desired as parameters, (6,44)
was rewritten as
E i -jkp

00 e” F”(G, h') . (6.64)

E.(Q) = -
ko’

Figure 49a, b shows the relative transmitted power F (6, h')2/ (27) versus observa-
tion angle 6 for various spacings kh' and for two panel thicknesses kd = 7/8 and .
(If d is assumed to be 1", these two values correspond to 740 Mc and 5920 Mec. )

In all cases the dielectric was assumed to have a relative dielectric constant €r=4.
For comparison, the square of the transmission coefficient T of (6, 18) was also in-
cluded in the figure, It is seen that the variation in transmitted field when the panel
thickness is kd = 7 is more drastic than that of kd = 7/8. A similar observation
can be made when kd = 7/2,

The curves of Fig, 50a, b are the results of (6.48) which is the transmitted
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field in the presence of a dielectric strip which is excited by an electric line source
as shown in Fig, 47, Equation (6, 48) was rewritten as
ji E -jkp

i
E(p) = == =—F (5, I) (6.65)

Jkp
Figure 50a, b shows the relative transmitted power IF _|.l2/ (2m).
Figure 51 and 52 represents the results of (6.56) which gives the transmitted
field in the presence of a dielectric disc which is excited by a magnetic dipole, The
geometry is shown in Fig. 48 with disc radius a, For computational purposes (6. 56)

was rewritten as

E e—]kr

E(r) = - —>—— ¥%0,4, ). (6. 66)

Now we can see that we have an additional perimeter ¢} that must be specified. In
the computations we limited ourselves to two values of @, namely § = 0, 7/2. The

first value of () corresponds to the H-plane pattern F(j_ = Fd(¢ = () and is

]

a
Fd = kh! (T (6‘)—1)cosG'J (v)e tan0'do' - cosfe
1 1 1

0 (6.67)

-jkh'seco" -jkh'cos6

It is seen that only the transmission coefficient T| of perpendicularly polarized
waves enters in the H-plane pattern;these graphs, IF(_}_IZ, are plotted in Fig, 51a, b.
The second value of §} corresponds to the E-plane diffraction pattern FI l =

Fd(¢ = 7/2) which is given by
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o
a o . e
Ffl = kb f (T (61 -1)3, (e Jkh'sect' orger - o IERCOSO (6.68)
0

Here we see that only T Il enters in the E-plane pattern. The plots of ’ Fd“ ,2

are shown in Fig, 52a, b.
6.7 Conclusion

The equations for the transmitted electric field through a dielectric panel are
formulated by means of Huygen's principle., The electric field on the dielectric
surface which is needed in the integrand expressions is approximated by using the
plane wave transmission coefficient of an infinite dielectric sheet. The difficulty
in obtaining the electric field is that some integrations cannot be done exactly when
the exciting sources are of a cylindrical and spherical nature. Since in these cases
the integrations are performed by stationary means it would now be interesting to
compare the results obtained by the stationary phase method to more exact integra-
tions of the equations by numerical means with the aid of a computer. The impor-
tant conclusion that could be drawn from this would concern the validity of approxi-
mating the transmitted electric field by the field of an infinite sheet when the point
source is in the shadow of the panel as viewed from the observation point and
approximating by the field of the source alone whenever the source comes into view
from the observation point,

An examination of Figs. 49 through 52 shows that such anapproximation
would not be a very good one. When the source is spaced a distance kh', which is
not very large, the total transmitted field shows large variations. These variations
have hardly any resemblence to the transmission coefficient T or the source varia-

tion. As the source spacing increases and the angle between the source and the
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dielectric panel decreases the resemblence between the calculated fields and the
variation in transmission coefficient and the variation of the source field increases:
however, only for a certain range of angles. For example, when kh' —> o (plane
wave incidence is approached), the plotted variation is very pronounced for angles
0 not far from zero and no resemblence to T exists. As the observation angle 6
increases, the field variation decreases. For angles very close to 7/2 an approxi-
mation by the source alone is reasonable,

That a simple approximation by T and by the source alone cannot be made
even when kh' —> oo can also be seen directly from the expression for a plane wave
incidence, (6.17) and (6.29). Equation (6.17) corresponds to the E-plane diffrac-
tion pattern and (6. 29) to the H-plane pattern, These equations are of a sufficiently
complicated nature that an approximation by the transmission coefficient and the

source alone would be unreasonable to expect.
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FIG. 46: A MAGNETIC LINE SOURCE LOCATED A DISTANCE h FROM A
DIELECTRIC STRIP OF THICKNESS d, (h' =h + d).
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FIG. 47: AN ELECTRIC LINE SOURCE LOCATED A DISTANCE h FROM A
DIELECTRIC STRIP OF THICKNESS d. (h' =h+ d).
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dielectric plate

X l(o,o,-h')
magnetic dipole — |

FIG. 48: GEOMETRY OF THE DIELECTRIC PLATE EXCITED BY A SPHERICAL
SOURCE.,
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VII
CONCLUSION

As a result of this study we have drawn the following conclusions in regard to
the general properties of the particular radant structure, namely, the loop array
mounted on two dielectric panels, supplied by the Air Force

From the analytical point of view, the panel can be considered as an aniso-
tropic slab, At low frequencies, it behaves as a thin slab, hence, it does not have
too much effect on the radiation pattern of a primary source which is placed behind
the panel (Fig. 13, Section III), Even at moderately high frequencies, the panel is
highly dispersive. It will, in general, distort very significantly the pattern of the
primary source (Figs. 29 and 30, Section III). The distortion is also partly due to
the finite dimension of the structure in the broadside directions as demonstrated by
Figs. 23 and 24, Under certain favorable excitation conditions, corresponding to
the probe position of a primary source with respect to the panel, the diffracted
pattern of the radome may provide a more directive pattern than the source. For
example, when a ferrite loaded antenna is used as a primary source, the directivity
of the entire system shows an 8db increase [Interim Report No, 2, Section II] . In such
a case, we view the radant as a part of the entire structure. The resultant direc-
tivity in most cases, is commensurable to the area of the radant. Occurrence of
super-directive effect is possible, but the effect would be very frequency sensitive
and critical to the exact physical arrangment of the primary source and the radant.
The increase of directivity can also be achieved by using a ridged horn as a primary
source, [Figs. 29 and 30 of Interim Report No. 2]. The latter system, in fact, is
a better arrangement compared to the ferrite-load antenna because the latter is

not only frequency sensitive but also inefficient from the point view of system gain,
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The distortion due to the finite area of the radant is also confirmed by a de-
tailed experimental study on the diffracted field of a dielectric plate. Figure 43 for
example, shows that the measured E-plane pattern deviates much more from the
theoretical value based upon an infinite sheet of dielectric slab. On the other hand,
all the H-plane patterns agree fairly well with the theoretical predication. Where
the E-field is parallel to one of the broadside directions, one would expect that the
linear dimension of the slab perpendicular to the E-field will not cause a pronounced
resonant condition, Table IV summarizes the various experiments which performed
on the radant as a secondary source.

The investigation concerning the radant as a primary source, that is excited
directly by a pair of transmission line connected to one of the loops, reveals some
interesting but rather complicated phenemena, Figures 36 and 37 show two typical
patterns, It is practically impossible to give a precise interpretation of these
patterns. All we can say is that the entire panel due to the mutual coupling between
the loops is acting as an array of hybrid elements, consisting of electric dipoles and
magnetic dipoles.

Our attempt to provide a reasonable theory for the diffraction by a finite
dielectric slab has not yet been too successful, It is very likely that a reliable
theoretical solution can only be found by solving numerically the integration which
governs the field distribution inside the slab.

In regard to the future work, we feel that dielectric slabs loaded by resonant
elements do not offer too much promise as a useful radant structure, When slabs
are loaded by non-resonant elements, they may be treated as an artificial polarized
and magnetized body with predictable characteristics. It is quite possible that one
may make use of these controlable characteristics to construct a radome with

tolerable distortion and the structure may offer additional mechanical strength,
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For narrow band operation, it is believed that wire gratings should be thoroughly

investigated as a possible structure to provide a desirable radant device.
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