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This report covers work conducted from May through July 1965.
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ABSTRACT
The transmission characteristics of an anisotropic panel formed by con-
ducting discs are investigated theoretically in this work. The result is intended
to interpret the characteristics of the loop loaded radant (radome-antenna) panel
originally studied at the Air Force Avionics Laboratory. Experimental work on
the impedance variation of a ferrite-loaded horn antenna in the presence of the
panel and the radiation pattern of the antenna structure are also reported in this

interim report.
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I
INTRODUCTION

In this report we will consider a particular radant structure. It consists of a
panel which contains a square array of rectangular loops. This array is illuminated
by a ferrite loaded slot antenna. The characteristics of the transmission pattern
are then desired.

It was reported, at the initiation of the contract work, that a significant
improvement in gain and directivity as compared to a uniformly illuminated aper-
ture was obtained with this radant structure. These initial experiments were per-
formed at the Wright-Patterson Air Force Base Avionics Laboratory. The more
significant gain improvements were obtained with the ferrite loaded slot antenna
as a primary source at the low frequencies between 200-700 Mc. In this frequency
range the array panel dimensions in terms of wavelength were 22‘_ -A. Inview
of this, we will confine our analysis in this report to this frequency range. It
should be pointed out that although the array panel can be termed broadband, since
at these frequencies its characteristics remain fairly uniform, the radant structure,
i.e. the combination of array panel and ferrite slot antenna is not. The slot
antenna by itself is very frequency sensitive and its output drops sharply for

frequencies not at the 350 Mc resonance. The bandwidth between half power points

is 80/0 for the solid ferrite slot antenna alone (Adams, 1964).
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It was reported that the single characteristic which makes this radant
structure unusual was the critical spacing that had to be maintained between the
slot antenna and the array panel. This spacing was around 1"-2". In terms of
wavelength it was .1 or less. For spacings other than these the unexpected gain
improvement was not observed. This adds an additional complication to an already
difficult theoretical problem. Therefore in the contract work this additional
complication must be resolved. Is this gain improvement primarily due to a better
match to free space which the array panel provides for a low efficiency (30%)
ferrite antenna or is the array panel the contributer in the gain improvement? An
a priori speculation is that it is a matching phenomena, since (i) the spacing is
critical, (ii) this effect was not observed at the higher frequencies when ordinary
dipoles and horn antennas were used. This question can be resolved easily
experimentally by using a small dipole antenna at these frequencies and observing
the transmission pattern. Some experiments along those lines are planned. At
present, the experimental phase of this work is concentrated on obtaining a variety
of H and E plane patterns for different slot antenna-array panel spacing.

The theoretical work is concentrated on obtaining an explanation for the
behavior of the radant structure at these frequencies. This problem is approached
as follows: the array panel is treated as an artificial anisotropic dielectric medium.
The plane wave transmission coefficient is calculated and used to obtain the trans-

mitted field when the anisotropic panel is illuminated by a spherical source. To
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expedite solutions to the theoretical problem various approximations are made,
which, it is hoped, will be accurate enough so as not to introduce errors appreciably
larger than are normally obtained in the experiments.
The array elements which are rectangular loops are approximated by discs.

The € and u of the artificial dielectric is then readily calculated. The approxi-
mation by discs should give accurate results since at the frequencies under
considerations the array elements are in the Rayleigh region and as is well known,
in this region differences between various scatterers are only second order effects.
The primary effects are obtained from the induced dipole moments in the
scatterer. However, as the frequency is increased the derived € and p for the
panel will become less accurate but will give useable results as long as kd <1,
where d is the length of an array element. For the array panel d=1.63", and
kd will be less than one for frequencies under 1200 Mc; hence, below this frequency
the artificial dielectric approach is accurate.

The field of the primary source (Adams, 1964) can be obtained from the far
field beam pattern of a loaded rectangular waveguide opening out into an infinite
ground plane, assuming dominant mode fields. Fig. 1.1 shows the coordinate

system.
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FIG.1.1: COORDINATE SYSTEM FOR RECTANGULAR SLOT BEAM PATTERNS

The E-plane pattern (¢=—72-T-) is

kob sin6
sin ————
A 2 2
B “loFo % p ~sme (1.1)
0
and the H-plane pattern (p=0) is
koa sin 0
Vg cos(——z————-—) cosb
E =1E (1.2)
-y Yy o

7r2—(k asine)2

o)
As the size of the aperture becomes electrically small, the pattern approaches that
of a magnetic dipole oriented parallel to the broadwall of the waveguide (fx).

Figure 1.2 compares experimental beam patterns of a solid ferrite loaded

rectangular cavity slot antenna mounted in a 3ft. x 3ft. ground plane with the
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corresponding theoretical patterns. Beam patterns are also shown for the same
antenna without flange. It is noted that the H-plane patterns (with flange) show
good agreement with the theoretical data, whereas the E-plane patterns do not.
The antenna aperture was 2'" by 3" (b by a). It was filled with a solid ferrite of
u=6.63, €=12.6, Q=30 at 300 Mc. The resonance frequency was 350 Mc with a
bandwidth of 19 Mc and efficiency of 30%,.

It is seen that little agreeement between (1.1) and the experimental pattern
exists. Hence in the calculations three different primary sources were used to
approximate the ferrite slot antenna. The first is a tapered electric dipole oriented
along the y-direction with electric field given by

-jkR

A
E=E cos@(l\«:x/i\)xke (1.3)
= o] y R

A .
where k is the direction of observation. The second is a magnetic dipole oriented
along the x-axis with electric field given by

a e"jkR
E=EO@<X1X) n (1.4)

The third is a direct approximation to the experimental pattern of Fig. 1.2

with electric field in the E-plane given as

-jkR
N~ €
1

) (1.5)

E ~E cosf
= o)
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FIG.1.2: COMPARISON OF EXPERIMENTAL AND THEORETICAL BEAM
PATTERN FOR A FERRITE LOADED SLOT ANTENNA

[After Adams (1964), Fig. 27]
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and the H-plane as

(1.6)
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II
TRANSMISSION OF PLANE ELECTROMAGNETIC WAVE
THROUGH AN ARTIFICIAL ANISOTROPIC PANEL

Introduction

To give a theoretical interpretation of the transmission properties of radome
structures loaded with metallic wires or loops certain models are needed. One
model which may offer some useful information concerning radome structures
loaded with loops is an artificial anisotropic medium made of arrays of conducting

disks as shown in Fig.2.1.

10 GO
O G- -
000 |-

FIG.2.1: A THREE-DIMENSIONAL ARRAY OF DISKS AS AN
ARTIFICIAL ANISOTROPIC MEDIUM
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Physically, the electric and the magnetic polarizability of a disk should not
differ too much from that of a wire loop. Analytically, the characteristics of an
artificial anisotropic medium made of disks are well known as compared with that
of a loop. In this report, we shall present a theoretical analysis of the transmission

property of a panel characterized by such an anisotropy.

The Tensor Permittivity and Permeability of Arrays of Disks

The tensor permittivity and permeability of a dielectric medium embedded
with small conducting disks as shown in Fig.2.1 can be determined from Rayleigh's
theory of scattering by small bodies. For bodies of the shape of an oblate spheroid,
the theory was reviewed in great detail by this author using the method of spheroidal
harmonics (C.T. Tai, 1952). The interaction between the neighboring bodies was
discussed very thoroughly by Collin (1960) who also tabulated the pertinent data for
prolate spheroids, ellipsoids as well as for the oblate spheroids.

According to Rayleigh's theory, the induced electric dipole moment of an
isolated disk due to an incident E-field polarized in the y or z direction can be
written in the form

py=pz=a€Eo (2.1)

where
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Eo = amplitude of the incident E-field
€ = dielectric constant of the ambient
medium
«a = electric polarizability of an
isolated disk = —1321'3
T = radius of the disk

The induced magnetic dipole moment due to an incident H-field polarized in the
x~-direction is given by

m =3 H (2.2)
X 0

where

s
n

amplitude of the incident H-field

™
1l

magnetic polarizability of an isolated
disc
8 3

For a three-dimensional array of disks as shown in Fig.2.1, one must take into
consideration the interaction between the disks. The resultant effective permittivity

and permeability can be written in the tensor form:

e 0 O
e=|0 e, 0 (2.3)
0 0 61

10
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] Hy 0 0
u=] 0 HO 0 (2.4
0 0 Mg
where
N o
€ —Kee—(1+ T2 ) e (2.5)
e
NS
= = + —
My Krnl“to (1 1—BCm)“o (2.6)

N = number of disks per unit volume

_ (azc)—l

The values of the interaction constants Ce and Cm contained in (2.5) and (2.6)
depend on the actual dimensionality of the lattice. There are several alternative
methods of evaluating these constants as described by Collin (1960). For a cubic
lattice, corresponding to a=c, the values of Ce and Cm is given quite accurately

by Lorentz's formula, namely,

1
C=——3— . (2-7)

3a

Therefore, Ke .and Km are given, respectively, by

3
16 r3 32
B’ w2
K:l-[.— = (2.8)
e 3 3
-2y 1L
9 'a 9 'a
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8 r3 16 r3
—(=) 1-—(=)
3'a 9 a
K =1- - (2.9
m g 1.0 g v
—(= 4+ —{=
1+9(a) 1 9(a)

Transmission of a Plane Electromagnetic Wave Through an Anisotropic Panel

Case A Incident E-field perpendicular to the plane of incidence.

We consider now the problem illustrated in Fig.2.2 .

o N

FIG.2.2: A PLANE ELECTROMAGNETIC WAVE INCIDENT ON AN
ANISOTROPIC PANEL
The tensor permittivity and permeability of the panel are the same as the
ones defined by (2.3) and (2.4). The E-field of the incident plane wave is assumed
to be polarized in the y-direction. The general expressions for the fields in the

three regions are given by:

12
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RegionI, z <0

-ilk x+k z)
X zZ

E = Eye (2.10)
-1 E0 —j(kxx * kzz)
H =L—0-E—(—kzx+kxz)e (2.11)
0
. 2T
k =k sin6,, k =k cosf,, k = —
X o) i Z o) i 0 A
_ —j(kxx—kzz)
E :REoi‘re (2.12)
. RE0 . -j(kxx—kzz)
H = (k X+k 2) e (2.13)
Z X
o}
Region II, 0<z<d
g k! x+klz2) (k! x-k!2)
E = Eoy Tle +R1e (2.14)
_ E -1 -jk!'x~Kk!' z)
Hd =-,—9-[ﬁ:| : lkT (k' %+k'%e = 7
1" "z X
—j(k%x - k'z) (2.15)
+R(k'E+K'D) e z
17z X
= —]_ . =
where [u] denotes the inverse of u, and
k' =k =k sin6, (2.16)
X X o i

13
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U

2 2 2
k' =w u_ € —(—l)k'
zZ 11 M, X

- k2 K_(K! -sin0) (2.17)
0O m e 1
K' =—K (2.18)
e 60 e

Equation (2. 16) results from the boundary condition that the field inside the
panel should have the same phase as the incident field at the interface in order to
satisfy the boundary condition. Equation (2.17) is a consequence of the fact that
any plane wave solution inside the anisotropic panel must be a solution of the wave

equation:

Region III, d<z

_ -ilk x+k 2) (2.19)
il-TE §e X 2
(0]
-t TE0 -j(kxx + kzz)
_ _ A+ A
H o ( ka kXy)e . (2.20)

o)
By matching the tangential components of the E and H fields at the two
interfaces, corresponding to z=0 and z=d, one can determine the unknown coeffi-

cients Tl’ Rl’ T, and R. The results are summarized below:

14
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(1+71)
T, = gt (2.21)
172 J2kyd
—2jk'zd
~r(1+
R, = 2 iggk‘d (2.22)
2 z
1-r e
i(k -k')d
(1—r2)eJ( Z)
T = o g (2.23)
2J Z
l1-r e
-j2k' d
r(l-e z ) 4
R = oK d 2.29)
9348,
1-r e
where
Mlkz
()1
o= 0 _z _ 2 -7 (2.25)
Mlkz Z'+ 7Z
(—2)+1
0 z
W n
7 ko 3 Oe (2.26)
. cos,
Wy . ’-K—
Z'=k11= oy 2 (2.27)
VA \ K' -sin 6.
e i
or

15
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| 2
K cos@ - '—sm 9
(2.28)
cose +\|K' -sin 9
\‘ m \‘
It can easily be verified that
1
5 (2.29)
2rsink'Zd>
+ ————————————
1—r2
and
2 2
- g g 2.0

2
The power transmission coefficient lT] becomes unity when k'zd is equal to an
integral multiple of 7. It is seen that for an isotropic dielectric panel the coeffi-

cient r as defined by (2. 28) reduces

—
cos Gi—Vnz - sinzei
T = (2.31)
cosf, + n2—sin26.
i q i
and the phase constant k'z defined by (2.17) reduces to
2 2,2 2
19~ e
kZ ko (n” -sin Gi) (2.32)
where
2 €
n = rak (2.33)

0]

These results are well known.

16
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Case B Incident E-field parallel to the plane of incidence

The orientation of the incident wave with respect to the panel for this case is
shown in Fig. 2.3.

2 )

|
I
|
|
=
L~
v
<

FIG. 2.3:
The tensor permittivity and permeability of the panel are the same as the ones
defined by (2.3) and (2.4). It is convenient to define the reflection and the trans-
mission coefficients with reference to the incident magnetic field. Thus, the
expressions for the electromagnetic field in the different regions are given by

RegionI, z<0

_ ~i(B.y+ B z) (2.34)
H'=H e Y %
(0]
. H -i(B y+B z)
=1 0] A ~ y Z
E= weo (-Bzy+Byz)e (2.35)

where

17
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RegionII, 0<z<d

d -i(B'y + B! z)
2 e yy z +R! e

-j(B! y-B' z)
Kl ' y Z;) (2.36)

H . -)(B! y+B! z)
E =:)9-[€] 1 [T'l(-B'ZerB;fz)e oz

"J'(B;,y “B'Zz)}

+ R'l(B'Zy+ B;,z) e (2.37)

where [2} -1 denotes the inverse of 2, and
t = = i
By By ko sin 6i
2_ 2 | _ a2
'Bz w ulel By
- kXK _K' - sin0)
o m e i

€
K' = —K
€

o

1
e e

Region III, d<z

-1

-i(B y+ B z)
i =T'H0%e y z

(2.38)

T'H -i(B_y+ Bzz)

=t _ 0 A A y
e (-By+ B ze (2.39)
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By matching the tangential components of the E and H fields at the two
interfaces, corresponding to z=0 and z=d, one can determine the unknown
coefficients T'l, R'l, T' and R'. The results have the same algebraic forms
as those given by (21) to (24) except that the coefficients kz, k'Z and r are

replaced, respectively, by BZ, ,B’Z and r' which are defined by

BZ = ko cos Oi (2. 40)
B' =k \|JK K -sin26 (2.41)
Z o) m e i
K! cos@_—\lK K' - sin26.
= C 1 m © ! (2.42)
K! cosG.+\IK K‘—sinzf),
e i m e i
Thus , the expression for l T'l 2 is given by
2
|2 - L ; (2.43)
2r' sinf3' d
Z
1+ 5
1-x!

Numerical Computation and Conclusion

Before we discuss the effect of loading it is of some interest to point out the
special characteristics of transparent panels at oblique incidence. Referring to

Eqgs. (2.29) and (2.43) we see that |T|2 becomes unity when

19
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.2
kod \]Km(K‘e— sin 91) = N7 (2.44)
2
and | T' ] becomes unity when
.2
kod\[KmK:a -sin Oi = N'r (2.45)

where N and N' denote two integers. If we use the notations """ and "//" to
distinguish the two cases then the respective angle of incidences at which the power

transmission coefficient becomes unity are given by

sinZ(Gi)l :Kc'e—K_l— <1—;%>2 (2.46)
m
and
2 N\ 2
sin (61)/, = KmK'e - <2—d— (2.47)

For convenience, these angles will be designated as "angle of transparency'. For
a panel with given values of K'e and Km it is possible to find the values for d
such that the angle of transparency may occur at any desirable angle of incidence.

A2 m

curve labeléd % = —;—- in Fig. 1 shows such a case. In general, the transmission

: )
coefficient approaches zero when Gi approaches 90 , corresponding to the

o d _1 -1 K'-=
For example, when = K =1, Ke—2, (91)_L or (Oi)// occurs at 7r/2. The

grazing incidence, unless the thickness of the panel is such that the angle of trans-

parency occurs at the grazing incidence.

20
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When the incident E-field is perpendicular to the plane of incidence, it is
seen from Fig.2.1 and Fig.2.4 that for a panel with relative permittivity equal to
two, the effect of disc loading, in general, does not change much the transmission
characteristics except when the panel is transparent at certain incident angle,
corresponding to d/X=0.379 in Fig.2.4. For a denser panel, the loading may
change considerably the angular dependence as shown by Figs. 2.5 and 2.8. In
fact, for a panel with a thickness between a quarter-wavelength and a half-wave-
length, the loading tends to provide a more uniform transmission except near the
grazing incidence.

When the incident E-field is parallel to the plane of incidence. a dielectric

panel becomes transparent when the angle of incidence is equal to the Brewster

0)- tan‘l\l -% (2. 48)

€
- For . =2 and 4, the Brewster angle occurs, respectively, at 54°-44' and
o}

63°-26" as shown in Figs. 2.9 and 2.10.

angle given by

For a panel made of discs only, the power transmission coefficient, as
shown in Fig.2.11, is not too sensitive with respect to the thickness of the panel.
The effect of disc loading in a dielectric panel is similar to the previous case.
However, because of the phenomenon of transparency at the Brewster angle, the

transmission coefficient tends to be more uniform with respect to the incident

21
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angle, unless the dielectric constant of the panel is high to start with, as shown
by Fig. 2.13. By choosing the lattice spacing properly such that KmK'G=1, it is
theoretically possible to move the Brewster angle to the grazing direction, hence
to provide a quite uniform transmission through the panel.

It is hoped that the study presented here may be used later to interpret the
radiation pattern of a loop-radome structure which is presently being investigated

experimentally.

22
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24

90



THE UNIVERSITY OF MICHIGAN

7300-1-T
d _ 1
1.0 "2
3
16
.9-
1
8
.8
1
4
74
.64
.5
.4
.3
.2
A
0 ] ] Ly 1 k] ] ] |
0 10 20 30 40 50 60 70 80 90

g; (in degrees)

€
FIG.2.6: THE TRANSMISSION COEFFICIENT |T|? FOR K _=0.755, K =1.65, — =1

o
25



THE UNIVERSITY OF MICHIGAN

7300-1-T
1.0
.9
.8
i
4
e
6 - i
8
A
.4 -
.3
.2+
A4
o T T 1 L 1 I 1 l :
0 10 20 30 40 50 60 70 80
g, (in degrees)
FIG.2.7: THE TRANSMISSION COEFFICIENT[TIZ FOR K _=0.755, K =1.65, =2

26

90



THE UNIVERSITY OF

MICHIGAN

7300-1-T
1.0 -
.9
d_1
A 4
.8 -
T
.6 L
2
.5 4
{6
|2
.4-
1
8
.3
.2
44
0 Y T T T T T T T
0 10 20 30 40 50 60 70 80

8, (in degrees)

FIG.2.8: THE TRANSMISSION COEFFICIENT |T|? FOR K _=0.755, K =1.65, = =4

27

0

90



THE UNIVERSITY OF MICHIGAN
7300-1-T

Y T T T T T T
0 10 20 30 40 50 60 70 80 90

-
-l

6; (in degrees)

FIG.2.9: THE TRANSMISSION COEFFICIENT |Tr|2 FOR K =1, K =1, EE‘ =2

0
28



THE UNIVERSI7':'§[6Y OF MICHIGAN

0-1-T
a_1
4
1.0 —_—— A —
I -
2
.9
1
16
.8 d
8
7
.6
na
T
.5
.4
.3
24
A4
O 1 1 1 I 1 1 | | LI 1
0 10 20 30 40 50 60 70 80 90

6 (in degrees)
FIG.2.10: THE TRANSMISSION COEFFICIENT , T'I2 FORK =1, K =1, ==

29



THE UNIVERSITY OF MICHIGAN
7300-1-T

o 1 1 ! 1 ) ! ] L

0 10 20 30 40 50 60 70 80 90
6; (in degrees)

2 € _
FIG.2.11: THE TRANSMISSION COEFFICIENT IT‘I FOR Km=0.755, Ke=1.65, s 1

0
30



THE UNIVERSITY OF MICHIGAN
7300-1-T

1.0

>|a

n
al-
A

&)~
N

0 10 20 30 40 50 60 70 8o
6, (in degrees)

FIG.2.12: THE TRANSMISSION COEFFICIENT lT'lz FOR Km=0.755, Ke=1. 65, EG— = 2
0
31



THE UNIVERSITY OF MICHIGAN
7300-1-T

1
4 8
.3
.24
1_.
o | 1 I ] 1 1 1 1 L
0 10 20 30 40 50 60 70 80 90
ei (in degrees)

|2 FOR K =0.755, K =1.65, — =4
m e 60

FIG.2.13: THE TRANSMISSION COEFFICIENT ’T'

32



THE UNIVERSITY OF MICHIGAN
7300-1-T

III
TRANSMISSION PATTERNS OF AN ANISOTROPIC PANEL
EXCITED BY A SPHERICAL SOURCE

Introduction and Formulation

We would like to obtain the field pattern which an anisotropic dielectric
panel transmitts when excited by a small electromagnetic horn. The panel is an
array of loops or discs which can be treated as an artificial anisotropic medium for
which the tensor permittivity and permeability is found elsewhere. The plane wave
transmis sion coefficient T for a panel of thickness d can then be obtained by the
usual method of matching the tangential fields at the two surfaces of the panel. The
excitation will be a horn or dipole antenna placed in the near or far field of the
panel. To use the plane wave transmission coeificient when the source emmits
spherical waves is very difficult. However, by assuming a cylindrical wavefront,
the plane wave transmission coefficient can be readily used. Assuming a cylin-
drical wave, corresponds to a one-dimens ional analysis for our panel. This should
give negligible error if we confine ourselves to E-plane and H-plane transmitted
fields.

Looking at a continuous one-dimensional radiating source, as shown in

Fig.3.1, the far field can be expressed as
a —JkoR —]kor

a jk x'sin6 31
E(r,0) = [ Y 6.0
-a

f f(xe ° dx'

-a
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-a f(x') g

FIG.3.1: A RADIATING CONTINUOUS SOURCE

However, when the panel is not a radiator itself, but is excited by a remote source,
it should be treated as a secondary source. 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 extension will contribute to the observation point E(r,0) in a Huygens
source sense, i.e. the free space extension can be considered as a secondary
source made of Huygens wavelets.

Let us consider the special case of a plane boundary surface S For a

E
plane infinite surface it can be shown, either by Babinet's principle or symmetry
considerations that the equivalent electric and magnetic sources nxH and n x E
contribute equally. Hence, the scattered field can be obtained from one of these
terms alone, simply by doubling it. Applying the vector Huygens-Kirchhoff
formula to this case we obtain the field E(r) in terms of an integral over the
plane surface S1
34
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E(r) =2Vx Jf nx E(p") G(r,p"da' (3.2)
S
1
1 e-ij
where G T TR ;. the radiation condition was applied to make the surface

integral vanish at infinity. This is an exact form and is particularly suitable
when apertures in a perfectly conducting screen are considered. Equation (3.2) is
exact if the correct tangential component of E over the apertures are inserted.

To apply (3.2) when the surface S, is a combination of free space and a

1
dielectric panel, we can let the aperture in a perfectly conducting plane sheet be-
come very large and consider this large aperture to be the combination of free-

space and the dielectric panel. Hence (3.2) is also valid for a plane dielectric

surface of infinite extent. The geometry is shown in Fig.3.2.

E(r,6,4)

\r(Primary Source

FIG.3.2: GEOMETRY OF THE DIELECTRIC
PANEL
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The primary source will be a small electromagnetic horn or a small dipole which
will be placed in the near field or the far field of the plate. Let us approximate the
primary source by a dipole source oriented along the y-direction with an additional
cos 0' tapering as

—jkOR'

e
E =B cosG'(ﬁ' x1 ) X/ﬁ' —_— (3.3)
=hormn o y R

As we pointed out before we would like to use a plane wave transmission coeffi-

cient when a portion of S, is a plane dielectric panel. The particular form (3)

1
assumed for the primary source will make this difficult unless we use a matrix
representation for T. Since the plane wave transmission coefficients, one for
perpendicular and one for parallel polarization, are relatively easily derived for
a dielectric panel, we will facilitate their use by assuming a cylindrical wave
front. Hence, for perpendicular polarization (as defined with respect to a plane
wave incident on the panel) let us assume that the primary source (3.3) has only a
variation in the z'x' plane, i.e. let $'=0. Substituting $'=0 in (3.3) we obtain
_.jkoRl

E =E'i\cos6'e
~h oy

z=0

L (3.3a)

which is similar to the field of an electric line source. For parallel polarization

on the other hand, let us modify the primary source (3.3) by assuming only a
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variation in the z'y' plane, i.e. Q)':% . Substituting @'= % in (3) we obtain

~ikR!
(3.3b)

A 2 A
E = (-cosf'sinf'i +cos 0'i )E cosh' °
=h zZ y o
z=0
~ikR!

R'

= (eos@"i\e)Eo cosf!

which is similar to the field of a magnetic line source. The above two results were

obtained by using the expression

A ~ . . 2 A
k=r=ginf' cos¢'1x+ sin6! s1n¢'1y+ cosf'i_

R'= \ ’h2+ ptz
p' =\‘X12+y12

cos 0' = h/R'

and where

Expressions (3. 3) are approximations valid for the far field of a low gain small horn
antenna; they show an additional cosine tapering in both the E and H plane over
that of a pure dipole. As far as the %— variation in amplitude is concerned, this is
not a good approximation in the near field; there, a faster drop-off with respect to
r, such as r-2 or r—3, would be more correct. However, since the excitation
of our panel will depend largely on the pattern and phase of the horn antenna and

since these are similar in the near and far field we will use (3.3) as the field of our
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primary source at the panel. Hence on S_, the ﬁx_l*;(p') term becomes

1
-ik R!
A ”~ n A e °
i xE = E cos0'i x |(k'xi)xk (3.4)
z =h 0 z y R'
z=0
and the corresponding expressions using (3.3a) and (3.3b) are
-jk R
N P e °
A R .
i xE E 1 cosb' —5 (3.4a)
z=0
and —jkOR'
A o A 3 e
1Zth Eo 1Xcose = (3.4b)
z=0
Substituting the above expressions in (3.2) and performing the V operation
we obtain
-ik R
f e ° 1.A
- k +— ' 3.5
E(r) = (1 xE . ) x m (]k0 2 JRda (3.5)
Substituting (3. 4a) we obtain
h —JkoR' e_]koR 1A A
_...._._ — 4 + — 1 1 .
E(r) ff 2 = (]k0 R)RX1X da (3.5a)
and substituting (3. 4b) we obtain
-]k (R+R)
h 1.~ A
= ik += i ! 3.
E(r) ff (;|k0 = YR x i da (3.5b)
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Since we are interested in the far-field transmission pattern of the panel, we
can simplify the above expression by substituting the far-field approximation for R,
the distance between the source and observation point. Before we do this, we shouldi
note that this might lead to a non-existing integral. For example, when we examine
the above integral of (3.5a) for large values of p' we observe that the integrand
varies as dp'/ p'z which will give a convergent result upon integration. However,
if the far field approximation is substituted, we see that the integrand varies as
dp'/p' for large p', giving a Inp' dependence for the integral, clearly a non-
convergent result. One usually avoids these unpleasantries by restricting the
integration to a finite surface. This approximation can usually be justified when the
radiation pattern of the primary source is very sharp, such that only the central
portion, primarily where the panel is located, receives appreciable excitation. If
the entire S1 plane had a source distribution whose magnitude did not vary greatly

~over the plane, the far field approximation would not be valid in (3.5).

We are interested in integrating over the area of the panel for obvious
reasons. If we know the material composition of various panels, we can compute
their transmission coefficients and substitute it in (3.5) and restricting the area of
integration will allow us to make the far field approximation in (3.5) regardless of

the excitation of the panel by the primary source. However, we must evaluate the

contribution of the rest of the surface since it also receives excitation by the
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primary source and hence acts as a Huygens secondary source and it will give us
the error if we want to approximate the transmis sion field by the finite area

integral. Hence, let us divide S, into Sa + Soo’ the area of the panel plus the

1
rest of the surface. In the integration over Sa we can make the far field approxi-

mation since R will be assumed to be always large in terms of the diffracting

system dimensions, i.e.

R=|g_—p'|'5r—’1;-g'+... (3.6)

"~
.

. 1
)eJk —eda' +,U‘ (3.7)
z=0 S
(o'}

as the correct far field formulation. If we now use the electric line source

approximation (3.4a) as our primary field is (3.7) we obtain

—jkor
jiE e -ikO(R'-'l\< - p")

B -2k [ 5
x s, R

da'+ffsoo...(3.5)...

(3.7a)

If we use the finite magnetic line source approximation (3.4b) we obtain

-jk r
(0] ol
one h3 —jko(R'-k-_e')

()= —5——k i ﬂ‘ —re da'+ﬁ' (3.7b)

m *J)s R S

a ©

40




THE UNIVERSITY OF MICHIGAN ———m
7300-1-T

In an effort to evaluate the integral over S00 we can examine various forms. For

example, in polar coordinates (3.7a) can be written as

JhE o -ik, ®R'k- p")
1_3(3):———2————_ ) ”‘ p' do'df -

2 2
-3 1 -1 + 1= - L AP-%1 |-
hE ik R o Jko\jr p'”-2rp' sinf cos (' -f)

dp!

o_ e e
-—=— Vxi f p'dp!
2 xJ 4 R 0 2,2
\[r +p'"~2rp' sind cos (f'-P)

(3.8)
Since V=-V', we can also write (3.2) with the primary source (3.3a) as
) . r
hEO/fX o JkoR o JkoR
S - ! 1
E(r) o xjf g V' —g—da (3.9
Rl
Then in rectangular coordinates
R y )
1 h E (03} 00 Jk0R JkoR _JkoR
f\[ % f f e——-—(—8— A +—Q— c __ ¢ )dx! dy!
9 a R,2 y' R y 0z' R Z
- -0

- J’_a f_a (3.10)

The differentiation with respect to z' is a limit process, where a finite z' is

assumed in R and then the limit as z'—> 0 taken after the integration is
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performed. The corresponding equations for the primary source (3.3b) are
identical to (3.8), (3.9), and (3.10), except that h is replaced by h3 and R‘2 by

R'4.

Transmission Through the Panel

Let us formulate the integral over Sa1 in a form most suitable for calculation.
A dielectric will occupy the area Sa in our later formulation. If the surface

variables are expressed in spherical coordinates as

x'=h tanf' cos '

(3.11)
y'=h tan0"' sin @’
and this substitution made in the distance R', we obtain
2
\Jh +x? 4 y1? = hseco! (3.12)
p =htan 6’

Similarly the & - p' termin (3.7) or (3.8) can be written as

b - p'=sin6(x' cos P+ y' sin P)=h sin6 tan' cos (f'-f) (3.13)

The electric field of (3.7a) or (3.8) can then be expressed as

-ik r _ .
jE e 0 'Jkoh secO'-sin6 tan6H' cos(¢'—¢i]

__ 0O A e ,
E(x)= —5——k xI_ f f - da’ + f j’
Sa h sec 0' S

(00]

(3.14)
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Combining this with the expression for surface area element
, 2 2
p'do' df' = h” tan6' sec 0' do'dp’

we obtain for the integral over the area Sa
—ikor ‘
jiE e A —jkoh [secG'—sinG tan@' cos(¢-¢)]
E(r) 2 ————k xi fj e htan6'dg'dg' .
== 21t TO0 X S
a

(3.15)
The corresponding result for (3.7b) can be obtained from (3.14) or (3. 15) by
dividing the integrand of (3. 14) or (3.15) by sin29'

a) One-dimensional approximation

In order to make the integrations more tractable, let us confine ourselves
to the transmission patterns in the E-plane (zy plane or ¢= 7r/2 plane) and the
H-plane (zx plane or =0 plane). Furthermore, when considering the H-plane
(E-plane) pattern, let us also assume that the entire structure is infinite in the
y-dimension (x dimension), i.e. let us make a one-dimensional approximation.
Instead of a s pherical source, we should now consider a line source. However,
we pointed out before that we are primarily interested in changes of phase across
the panel and that variations in amplitude should be of secondary importance.
Since the phase dependence of a Hankel function is the same as that of a point

source, we need not make any changes in the primary source.
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The H-plane pattern of a one-dimensional source can be obtained from (3.14)

by substituting (¢'—¢)=0, /1\<x/i\x=/i\ycos6, x'=htan6', dx'=h secze'de'. We obtain

—jkor 0
jEOe R a —jkoh secO'-sinf tan Gj
E(r,0,0) =—————1i_cos6 f e dor + f
- 2mr y
- S
(o 0)
(3.16a)

The E-plane pattern can be obtained similarly from (3.7b) and (3.11) - (3.13), with
PN 2
the substitutions (f' —¢) 0, x1 ie, y'=htan@', dy'=hsec 6'd9' as
—1k T

T ]E e -Jkoh secO'-sin6 tan Gzl
E(r,0, =) = f cos 6' de!
= 2’ " 2mr )
(3.16b)

The integral over Soo (of (3.16a) can be written from (3. 8) as

-jk h2+x'2 -jk r2+x'2—,2rx'sin9
hE (09} o o}
1 o A e e

—_— = L —_— VX 1 dX'
2 f 27 X f 2 2
+ 1
Soo a h X \Ir2+x'2 -2rx' sinf
(3.17a)
or from (3.10) as
hE —Jk \’h +x' —]k \,(x-—x') +Z

1 o/\ 8

f = (3.18a)

S

= i
2 2r X 9z 2
. a h + X ’(x— 1 +z
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The corresponding integrals over S for (3.16b) can be written as

2 -ik -
. —h3E0 . "‘Y \lr +y'"-2ry'sin 6
5/; " Tor VX1xfa (h+ ) dy'’
w y' \] +x’ -2rx' sinf
(3.17b)
and as
3 -ik \}h +y! —]k \/(y-—y) +z
}_ f ~h E /1\ 5 foo
2 "o K oz
SOO a (h +y! ) \J(Y‘Y') +Z
(3.18b)
or as
3 -ik (R“*R)

b) Transmission from a dielectric medium into free space

If in Fig. 3.2 the half space z <0 is occupied by a dielectric medium with er
and M, the relative permittivity and permeability, the transmission coefficient
for an incident wave traveling from the dielectric (incident at angle 6') into free

space (emerging at angle 0) is

: I
T = \(s:m 20" sin 20

) (3.19)

for El normal to the plane of incidence and
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- \I sin 26' sin 26
T// ~ sin(p'+6) cos('-) (3.20)

with I_El parrellel to the plane of incidence. If the primary source is again a small
horn antennas with radiation properties as given by (3. 3) the electric field in the

one-dimensional formulation can be expressed from (3. 16) as

-jh(kd secG'-kOsinO tan@")
E~fT(9')e d9'+f T(Y...  (3.21)
S

(00}

The integral over SOO is the same as given by (3.17) or (3.18) except that
the integrand is multiplied by the transmission coefficient T. Substituting T, the

H-plane (zx plane) transmission field pattern can be determined from

-k r
e % sin(0'-6)
El(r,6,0)=——2—ﬁ;——1ycosef_9 [}"m]
a
—jkoh( “rer secO'-sinf tanf')
) d9'+f T.L ®e"n... (3.22)
S

(o8]

and the E-plane (zy plane) transmitted field is

_jkor e
T ]Eoe A f a sin(0'+0)-sin(0'-) 2 1
-0

-E-// (r,6, 5) - o 0 Sin(0+6) cos(8'-9) °°° o

a

—jkoh( “rer secO' - sinf tan@')
e dae' + T, (8') ... (3.23)
s M

46



THE UNIVERSITY OF MICHIGAN
7300-1-T

c) Transmission through a non-magnetic, dielectric panel

We will continue our physical optics type of analysis by considering radiation
from a dielectric panel with K=K which is excited from the other side by the
primary source (3.3). The length of the panel is 2a, thickness is d. The panel

geometry is shown in Fig.3. 3.

b Ewme
_________ 777777 .
\\:"i;h

At

DIELECTRIC PANEL EXCITED BY A PRIMARY SOURCE

The transmission coefficient for such a panel when a plane wave is incident from the
region' z< 0 at an angle 6' is given by

jdc cos 6" -k!)
i} (1-r)e

-1 1
| 2%k d

T (3.24)
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’ .2
where k'z= ko er- sin 6' and the reflection coefficient at a dielectric interface

for parallel polarization with respect to the plane of incidence is

\l .2
€ cosB'-\|e -sin O
T r

rer))= (3.25)

€ cosf!' +\l € —sin26'
T r
and for perpendicular polarization 5
cos 6’ —\’er—sin e'

r_l_ = E———— (3.26)
. 2
cos@'+\jer—sm CA

Substituting these in (3.16) the H-plane transmitted field becomes

_jkor 0
jEOe . a —jkoh(sece'—sine tan6?')
E (r,0,0)=——————-1 cos0 T(r, ,d,6"e do'+
=1 21y 1
-0 S
a 00)
(3.27)
and the E-plane transmitted field is
_jkor 6
. jEOe . a —jkoh(sece'-sine tan@') 9
_) —_—— ] 1 e' 4
E//(r,e, 2) 5 16f T(r// ,d,0%e cos 6'do f
-0 S
a o
(3.28)

the integrals over Soo are again given by (3.17) or (3.18).

d) Transmission through an anisotropic dielectric panel

The next case that we would like to consider is an anisotropic dielectric
panel with tensor permittivity € and permeability /,:z . The panel geometry is

the same as that in Fig. 3.3. It is assumed that the material can be electrically
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polarized in the z and y directions and magnetically in the x direction, such

that
¢ 0 0 | (1, O 0 |
€= 0 ¢ O w= 0 p 0 (3. 29)
o0 o o s

The transmission coefficient can then be determined as

ik -k")d
p-lime (3.30)
-j2k' d )
2 Z
l-r e
where
k =k cos6'
Z o)
k' =k \IK (K' —sin26') (3.31)
Z o) m e
! = = =
Ke (e/eo)Ke’ Ke €1/60’ Km ul/“o

The interface reflection coefficient r for the perpendicular polarization is

K cos6' -\‘K' —sinze'
m e
r =
L2
K cosf'+\|K' -sin 6'
m e

Hence, the H-plane (xz plane) transmitted field is given from (3.16) as

(3.32)
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_jkor 6
jE e ~ a -jkoh(sece'—sine tanf")
i cosf T(r,,d,0"e do'+
27y 1 S

a @

E (r,6,0)=
L -0

(3.33)
The Soo integration is given by (3.17a) or (3. 18a).
For the other polarization, with E vector parallel to the plane of incidence the
transmission coefficient is that of (3.30). The interface reflection coefficient is

given by

K' cos0' —\{K K!' —sinzé)’
e m e

(3.34)

I'// = 2
K' cos6'! +\|VK K' -sin 6!
e m e

and k'z should be replaced by B'Z where

B'Z = ko\(KmK'e - sin:2 0! (3.35)

Hence for this polarization the transmission coefficient is

2 j(k —B')d
Z  Z
(1—r//)e
T, =
/ 28!
4 l—rze ]2BZd

(3.36)

The transmitted electric field in the E-plane (zy plane) is then from (3. 16b)

_]kor 0

a
_ 2 2
E//(r,G, 2)_T16 f . T (r//,jb,e')cos f'e

-jk hi sec6'-sin6 tanOE]
o
@ [
S

& (3.37)
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The integral over Sob is given by (3.17b) or (3.18b).

e) Transmission through an anisotropic dielectric panel excited by a
Magnetic dipole source

If a small slot antenna, with dimensions much smaller than a wavelength is
»used as a primary radiator, a good approximation to its radiation pattern is the
field of a magnetic dipole oriented such that its axis is parallel to the long dimen-
sion of the slot. Hence, let us use the far field of a magnetic dipole, oriented
parellel to the x-axis as primary source.

ka

(S
Rl

E'(r,0.0) = E (k' x?x) (3.38)

To use the plane wave transmission coefficient we will again make use of the one-
dimensional approximation. This we hope will give good results if we confine our
interest to the H-plane and E-plane transmission patterns of the dielectric panel.
As before, we will use the H-plane (zx plane) pattern of the primary source as the
excitation field for the dielectric panel when we desire the H-plane (zx) transmitted
far field of the panel. The H-plane excitation pattern of a magnetic dipole can be
obtained from (3.38) by substituting $'=0. Thus,

~ikR!
RY

E'(r', 0',0) = Eocosev?y E (3.39)

and the corresponding n x E' to be used in the integrand of (3.16a) is
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_ijf
Rt

= -E cosf'i < (3. 40)
0 X

z=0

Hence, the transmitted far field of the anisotropic dielectric panel, using T L (or

(3.30)) is
_jkor 6
jE e a -jk h(sec 6'-sin6 tan6")
EL(r,6,0)=——(—)§r——/i\ cos6 f Tle ° do' + f
y -9 S
a 0

(3.41)
which is identical to (3.37).
The E-plane (zy plane) transmitted far field pattern from the panel can be
obtained similarly by using the E' plane pattern of the primary source. Hence the

E' plane pattern of the magnetic dipole can be obtained from (3. 38) by substituting

T
1=
p-7
T A o e_ij'
! ! t ) = [ 3
E'(r', 0", 2) EO(COSG 1y sin@ 1Z) =
—ikR! (3.42)
_g 18 :
"SR
The /1\1 x E' term becomes
/\ A _jI(R"
iz xE' = —Eocose’iX R (3.43)
z=0

The transmitted field in the E-plane is then
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-jkoh (secO'-sinOtanb?')

e

/

do'+ (3. 44)

f‘ea

f) Transmission through an anisotropic dielectric panel excited by a
Ferrite Slot Antenna

S
(09]

In Fig. 1.1 of the Introduction the radiation patterns of a ferrite antenna are
shown. When the experimental radiation patterns from a ferrite loaded slot antenna
are examined it is seen that neither an electric nor a magnetic dipole source
approximates these patterns well, at least not in both H and E planes. The agree-
ment between the theoretical and experimental patterns is better for the H-plane
patterns but no agreement exists for the E-plane patterns. In view of this disagree-
ment let us choose a simple function which shows the characteristic behavior of the
E and H plane patterns for a ferrite slot antenna with a flange (3 ft. x 3ft. ground
From an examination of the experimental patterns, we see that in the H-

plane).

plane the pattern is predicted well by

E! =/i\ (3.45)

Yy Yy

cosf!

This approximation can also be obtained by substituting koa <<'1 in the E ¢

expression of (1.2) in the Introduction. The E-plane pattern can be approximated

by

(3.46)
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It should be noted that (3. 46) cannot be obtained by substituting kob <<1in (1.1)
of the Introduction. Hence this approximaton is not as good as (3. 45).
The transmitted H-plane far field from the anisotropic dielectric panel, using
(3.45) is then identical to the expressions given by (3.33) or (3.41).
The transmitted E-plane far field from the anisotropic dielectric panel, using
(3.46) is then given by
ikt

. IEe N 9a —jkoh(sece‘—sine tan6")
Iy ] ' do'+
_E,/(r,e, 2) Sy 16 f_g T//cose e fs

a o0

(3.47)

Conclusion

At present, the integrals for the transmitted electric field, both for the
E-plane and H-plane are being computed. These will be compared to the experi-
mental data, and since this data will be presented as power patterns, the final
computations are for lEl2 The error integrals, i.e. the integrals over S
will be determined approximately, either by using the first term in a power series
expansion or by applying a stationary phase technique. Since the panel dimension
is a, and since the evaluated integrals over Soo will behave as 1 / a raised to
some power, the SOO integrals will give us the error committed when the trans-
mitted field is obtained from the integration over the area of the panel (instead of

all space) only.
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A preliminary analysis of the computed data for the integral (3.41) which
represents the transmitted electric field in the H-plane can be given in the following

table. Itis a tabulation of the half power beamwidth for five dielectric panels

h r o 160"
p=1 €=2 88° 820 64°
p=1 €=4 87° 8a°  g8°
K_=.75 K =1.65 86° 84° 64°
K_=.755 K,=3.3 90° 84° 68"
K_=.75 K _=6.6 88° 87° 64°

Table 3-1: Tabulation of Half Power Beamwidth in the H-plane for Five
Dielectric Panel for a Frequency of 370 Mc

The distance of the primary source to the panel is given by h. The last column
for h=160", is when the primary source is in the far field; hence it should be
comparable to a plane wave source. Plane wave solutions for ordinary dielectric
panels are known and can be compared to our case. Richmond (1965) calculated
the transmitted field for a 2.50X dielectric slab of u=1, €=4, Dby a physical
optics method and by an exact integration method. His results and our calculations
agree excellently at the corresponding frequency. It should be pointed out that the
rows in the above table correspond to an ordinary dielectric panel of €=2 and

€=4 in the first and second row respectively. The third row corresponds to an
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anisotropic artificial dielectric which consist of discs in free space, the fourth
row corresponds to discs in a dielectric of €=2, and the fifth row to discs in a
dielectric of €=4. If we plot beamwidth angle 60 versus distance h using the

three points given in the table, it is suggested that we obtain a graph as follows:

-]
86 4 — — — — — — =

FIG.3.4: BEAMWIDTH 90 VERSUS DISTANCE h OF A PRIMARY SOURCE
FROM A DIELECTRIC PANEL

It is seen that optimum directivity is obtained when the illumination of the
panel has a uniform phase along the panel which corresponds to a plane wave
incident normally on the panel. Apparently, the different dielectric properties of
the panels do not have significant effects upon the directivity. The spacing h
of the primary souce determines the phase along the panel. Hence, for small
values of h, when the phase is non-uniform, the directivity is poorer than for a

more uniform phase front. The experimental data for h between 3/4" to 2" agrees
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with the calculated data except that the beamwidth is sharper by about 7° for all
values of h. This constant difference could be due to the error in the one-dimen-
sional approximation and the failure to include the integral over all space outside
the dielectric panel surface, i.e., the integral over Soo' However, the important
characteristic, namely the behavior of the beamwidth versus primary source

spacing h agree when the calculated data is compared to the experimental data.
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v
EXPERIMENTAL MEASUREMENTS

The experimental phase of the research is concentrated at present on two
aspects. The first concerns itself with VSWR measurements of the Radant struc-
ture whereas the second part has for its main objective the determination of the
half power beam width 60 inthe E and H planes.

The VSWR measurements are completed. The results can best be summa-
rized in Fig.4.1 and 4.2. For these measurements the radant loops were oriented

parallel to the E field. In this position the frequency at which minimum VSWR
occured, changed from 300 Mc to 346 Mc as a function of the spacing between the
array panel and the ferrite slot. With the loops normal to the E field no change in
the VSWR was observed. At the higher frequencies (450-780 Mc) with the radant
loops either parallel or normal to the E field, no change in the VSWR was observed.
The VSWR was always less than 2:1 and it appeared that most of the power was
absorbed by the ferrite material at the higher frequencies.

The above measurements were performed with the ferrite loaded slot
mounted flush in an 18 inch+square ground plane. The radant structure was
mounted so that the spacing between it and the ground plane could be changed in

increments from 3/8" to 2".

+A11 of the patterns were made with a 48" square ground plane.
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To perform the pattern measurements the radant structure was used as a
receiver. A corner reflector antenna was used as a transmitter. Table 4.1 lists
the beamwidth variation as a function of spacing between the primary source and
the array panel. This variation is also shown in Fig.4.3.
We can make the following general observation
(i) The H-plane is more directive than the E-plane
(ii) The directivity improvement versus radant spacing is higher in E-plane
(= 200/0) then in the H-plane (T 100/0-)

(iii) In both planes the directivity improves with a larger radant spacing

(iv) For a 3/ 8" spacing no remarkable change in pattern shape was observed
(375 Mc)

(v) For a 2" spacing the E and H plane patterns are given in Fig.4.6 and
4.7 (375 Mc)

(vi) The E and H plane pattern of the primary source above are given in

Fig.4.4 and 4.5 (375 Mc)
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&‘}‘@% Spacing
% R;Id:nt 3/8" 1 1 %” 2"
& 134° 134° 126° | 116° | 110°
3B = — — — — —
335 |E 136° 130° 125°% | 114° | 108°
i 116° 116° 110° | — 100°
E 138° 132° 125° | 110° | 104°
41— — — — — —
ssg LE 140° 140° | 122° | 115° | 108°
i 110° 110° 102° | — 100°
a5 LE 135° 130° 124° | 108° | 102°
i 82° 78° 2° | — 72°

Table 4-1: Half-power Beam Width Expressed in Degrees as

Function of Spacing,

h, and Frequency
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