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ABSTRACT

In this report the loading of the ground plane by a capacitive impedance is
described as a method of reducing the sidelobes of one antenna and the coupling
between adjacent antennas. Although in the analysis no restrictions are placed
upon the frequency, practical considerations regarding the loading make this
method particularly suitable for antennas operating in the microwave region of
the spectrum.

Explicit expressions are derived for the directivity and radiation resis-
tance of a monopole placed over an infinite sheet characterized by a capacitive
surface impedance. Also the problem of a short monopole over an infinite
screen which is perfectly conducting throughout except for an annulus of capac-
itive surface impedance is considered and closed form expressions are obtained
for the far zone field by an approximate method. Numerical results show that
there is an optimum position for an annulus of a given radial extent in order to
achieve maximum antenna gain and minimum radiation along the ground plane.
By using annular loading the radiation resistance of the monopole is not reduced
considerably in contrast to the loading of the entire ground plane. Experiments
conducted using corrugations to create a capacitive reactance show good agree-
ment with theory. The monopole input impedance and near field coupling were
also measured.

The study concludes with an experimental investigation of the radiation
properties of the slot, horn and spiral antennas in the presence of the capacitive
reactance loading. Sidelobe reduction of approximately 10dB and gain increase
of up to 5dB have been measured over a 40 percent bandwidth using loading of

approximately one wavelength radial extent.
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1
INTRODUCTION

1.1 Statement of the Problem

Excessive electromagnetic interference or coupling is a problem often en-
countered in the operation of two or more antennas mounted on a common metal
surface such as the skin of an aircraft or a space vehicle. Excessive coupling
may exist between the antennas of either one or more systems. Given a pair
of antennas of which one transmits a (strong) signal and the second is meant to
receive the (weak) signal reflected from a scattering object, the signal directly
coupled from the transmitting to the receiving antenna interferes with the signal
reflected from the scatterer. This may cause significant errors in the operation
of a radar interferometer (Carl and Guccione, 1966). Mutual coupling between
the antenna elements of a phased array is also a problem since it causes the
array performance to vary with scan angle (Edelberg and Oliner, 1960; Allen,
1965; Lechtreck, 1968). To lessen these problems it is desirable to develop
methods by means of which the power normally coupled from one antenna to
another may be significantly reduced. The present study deals with one method
of coupling reduction — that of impedance or more specifically, reactive loading
of the ground plane.

The technique of reactive loading consists of modifying a part or the whole
of the surface of a conductor to create a surface reactance which is different
from zero. When the surface reactance is inductive the radiation along the sur-
face is increased compared to the radiation in the case of a perfectly conducting
surface. This has been explained physically by the introduction of the concept
of a surface wave. Inductive loading of the ground plane has been used to create
end-fire antennas. It was therefore envisioned that a capacitive surface reactance
would create the opposite effect, i.e. reduce the antenna radiation along the
ground plane thus decreasing the coupling between adjacent antennas mounted on
a common surface. In the case of antennas with their major lobe to the broad-

side of the ground plane, the reduction would be in the sidelobes. In the case



of the monopole the major lobe would be affected. The use of capacitive loading
does not permit the propagation of surface waves and a new mathematical model
is needed to obtain the antenna radiation pattern. Therefore formulation as a
boundary value problem was chosen.

The study begins with an analytical investigation of the radiation properties
of the short monopole as well as the quarter wavelength monopole placed over an
infinite sheet characterized by a capacitive surface impedance. The monopole
directivity, input resistance and direction of maximum radiation are calculated as
functions of the surface impedance (Ch.II). This analysis yields a considerable
amount of physical insight in a simple fashion and permits one to derive explicit
analytical relations. Next a more practical case is considered, that of a short
monopole over an infinite extent screen which is perfectly conducting throughout
except for an annulus surrounding the monopole and characterized by a capacitive
surface impedance (Ch. III). The monopole radiation pattern is obtained on the
basis of an approximate analysis. Chapter IV includes the results of an experimental
investigation of the same problem and a comparison between theory and experi-
ment. The capacitive reactance annulus was realized by cutting circumferential
corrugations in part of the ground plane. The term "isolated loading" is
used to denote all cases where the impedance loading is restricted along
one dimension of the surface (e.g. a single trench) while the term "continu-

ous loading" is used in all cases where the loading extends over some area.

1.2 History
The theoretical formulation of the problem of a monopole or vertical

electric dipole above an infinite sheet characterized by a non-zero surface
impedance is very similar to that for the vertical dipole over an arbitrary
- earth characterized by finite conductivity, permittivity and permeability. The
latter is a classical problem first solved by Sommerfeld (1909). Sommerfeld

identified a part of his solution as a space wave and another part as a surface



wave. This problem has received a great deal of attention and papers with dif-
ferent or improved solutions were published by Weyl, Niessen, Van der Pol,
Wise, Norton, Sommerfeld and Renner, Ott and Epstein (1947). Much of the
work subsequent to Sommerfeld's first paper was concerned with the existence
and the nature of a surface wave. A review of this work has been given by
Bouwkamp (1950).

The formulation with a surface impedance boundary condition was used by
Jones (1952), Fernando and Barlow (1956), Wait (1957) and Furutsu (1959).

Jones and Fernando and Barlow examined the problem of launching and sup-
porting a surface wave over a surface characterized by an inductive surface
reactance created by corrugations. In their analysis only the fundamental
mode of propagation along the corrugated surface was considered and a trans-
mission line TEM mode within the trenches. Then the average impedance was
matched at the common boundary to derive approximate expressions for the
propagation constant as a function of the surface parameters. Based on this,
the radiation field was obtained . Wait studied the problem more generally cor-
relating the various forms of surface waves obtained by other authors . His
solution, however, is valid only in the far field of the dipole. Furutsu derived
the exact solution of the boundary value problem valid for any value of the sur-
face impedance and throughout the half space above the impedance sheet, with
no consideration as to how the surface impedance can be physically realized.

The properties of plane single-surface corrugated structures as fransmission
lines and radiators have been studied by Cutler (1944), Rotman (1951), Ehrlich and
Newkirk (1953), Barlow and Cullen (1953), Cullen (1954), Elliott (1954), Hurd (1954),
Watkins (1959) and Tseng (1967). The studies of Rotman, Ehrlich and Newkirk
are chiefly experimental. In the studies of Cutler, Barlow and Cullen only
the fundamental mode above the corrugations was considered. Eliott included
higher order modes and found that the effect of these modes to the radiation pat-
tern of an end-fire antenna is slight. He also concluded that when the number of

corrugations per wavelength is large and the ratio of the tooth width to gap width



is small, the field distribution above the corrugations consists essentially of the
fundamental mode. Hurd derived the exact solution for the amplitudes and phase
velocities of the higher order modes for an infinite, source free, corrugated
surface with vanishingly thin slot walls. Watkins obtained a determinantal
equation for the surface wave cut-off frequency taking into account the finite
width of the walls. Tseng formulated and solved the scattering problem for a
source-free corrugated surface, focussing on the multi-mode aspects of the pro-
blem. The studies based on the existence of surface wave modes are applicable
only when the surface parameters permit the propagation of such waves.

The scattering of a surface wave by a discontinuity in surface reactance
has been solved by Kay (1959) for inductive reactances. His solution contains
closed form expressions for the magnitude, but not the phase, of the reflected
and transmitted surface waves as well as the radiation field. Thus this solution
cannot be used to solve the discontinuity problem at the boundary lines of the
surface impedance annulus because a) knowledge of the magnitude and phase of
the fields near the discontinuity is necessary and b) capacitive rather than
inductive reactances are used here. The radiation of an antenna in the presence
of inductive surfaces is of interest in the analysis of surface wave antennas.
This subject has been reviewed by Zucker (1961). Kane (1963) has given a
nearly rigorous solution to the problem of a magnetic line source in a finite in-
ductive surface. Andersen (1967) has given a.simpler approximate solution
based on the compensation theorem,

The use of a single trench to reduce surface currents has been reported by
Saunders (1956). LaGrone and Roberts (1966) used a choke flange for reducing
the sidelobes of a horn. For the same purpose corrugations have been placed
along the flared walls of a horn (Kay, 1964; Lawrie et al, 1965). Experimental
results have also been reported for the use of corrugations on ogives in order
to reduce the back scattering (Lawrie and Peters, 1966). An obvious difficulty
in the application of reactive loading by corrugations for backscattering reduction
is the dependence of the loading characteristics upon the frequency and direction

of the incident wave.



1.3 Remarks on Coupling

The coupling between two antennas is defined as the ratio of the power
received by one antenna to the power transmitted by the other. It usually is
expressed in dB. The term '"isolation" defined as the inverse of coupling is
sometimes used. When two antennas are in the far-field of each other the

coupling is given by the Friis transmission formula as

X2
C = (£-R) D6, D (6, §) p (1.1)

where C is the coupling, A the wavelength, R the antenna spacing, D the
directivity function of each antenna and p the polarization mismatch factor.
The antennas are assumed to be perfectly matched to their respective trans-

mission lines. The coupling is related to the antenna mutual impedance Z

12
by (Khan et al, 1964)
2
Z
l 12!
C=—=2 (1.2)
4RllRZ.?.

where Rll and R22 are the resistances of the two antennas, provided that the
mutual impedance is (absolutely) much less than the self impedance of either
antenna.

Of prime interest in this work was the frequency range over which the
coupling could be reduced by the reactive loading. Therefore, a swept fre-
quency technique was adopted for most of the coupling measurements to show the
dependence of coupling upon frequency with fixed antenna positions. With
frequency sweeping the transmission lines cannot be optimally matched to the
antennas for each frequency. Therefore, the measured coupling differs from
that shown in Eqgs. (1. 1) and (1. 2) by the impedance mismatch coefficients q
and q,. between antenna and transmission line. The necessary correction can
be made easily if the antenna input standing wave ratio is known. However, for
the antenna types considered it was found that the absence of perfect matching

did not affect the coupling data by more than 1 dB.



I

RADIATION FROM A MONOPOLE ANTENNA OVER AN INFINITE SCREEN
WITH A CAPACITIVE SURFACE IMPEDANCE BOUNDARY CONDITION

2.1 Formulation of the Problem for a Short Electric Dipole

Consider a short electric dipole whose axis coincides with the z-axis of a
cylindrical coordinate system. The plane z=0 represents the ground plane which
exhibits a capacitive surface impedance. The dipole is located at a height h
over the ground plane. The medium above the ground plane is assumed to be
a loss-free dielectric. If the surface impedance is Z then the ratio of the

tangential electric and magnetic fields is specified by (Fig. 2-1)

- =7 . (2.1)

FIG.2-1: PROBLEM GEOMETRY



The electric and magnetic field vectors outside the source can be derived

from the Hertzian electric vector -ﬁ through

— — 2% —
= L4 + =

IE VvVl +k*W = vx VT @.2)
H=jwevxTl

where k is the propagation coefficient of the medium. A harmonic time de-

pendence expressed by the factor ert is understood and suppressed.
The field is cylindrically symmetrical about the z-axis . In the
case of a short dipole in free space of length { and uniform current peak

value i, the Hertz potential is
o JKR1

_U-O=A' R 2 (2.3)

1

where R, is the distance from the source to the observer (r, ¢, z),

R, = r2+(z-h) (2. 4)
and i4
o A= - , (2. 5)
jwadT €

Following Sommerfeld's treatment of the problem of a vertical dipole over a
plane, finitely conducting earth (Sommerfeld, 1949) one may write the Hertzian
vector for the present problem as a sum of a "primary" contribution expressed

byTT; and a "secondary'" or induced contribution ﬁ—i’ representing the diffracted

wave,

W-TT T, = (W + M) 2. (2. 6)

Ui must satisfy a) the wave equation, b) the radiation condition at infinity and
c) together with 'ITO the boundary condition at z=0. Since Il has only a z-component

the non-vanishing components of the fields are derived from eq. (2. 2) as



o

Er= oroz °’

) ']I 2
B2zt 2.7
H,= —jwe _a.I.

or

g

In view of eq. (2. 7) the boundary condition can be written as

2
M _ . oTr )
el R Y-y (z=0) (2.8)

where ¢ is the normalized surface impedance

§=ZE . (2.9

Equation (2. 7) holds for all values of r and can, therefore, be integrated with
respect to r. The functions and their derivatives must vanish as r - o, there-
fore, the constant of integration is zero. Thus the boundary condition reduces to

A - e (2=0) . (2. 10)

To find a function TT that satisfies this condition, both'lT0 and '[\'i are expressed

in terms of cylindrical wave functions of the type

-z JAZ K2

Ur, z)=JO()lr)e s (z > 0) (2.11)

which satisfy the wave equation and the radiation condition. The real part of
W is always chosen positive so that  vanishes as z > . (Here A

is a parameter and should not be confused with the wavelength.) The integral
representation of the primary excitation in terms of the cylindrical wave functions

is given by the following Fourier-Bessel integral

-3 Q0
Mo e JkR} - A Jo(u) e(z—h) Va2-k2

—Z— Rl 0 6‘.2 —k2

dx, (0<z<h). (2.12)



The secondary excitation is also written in the form

: o a2
%l =f FQ)J,(r)e z¥as-k dx, (z>0) (2.13)
0

where F(0)d\ represents the arbitrary amplitude constant by which each eigen-

function may be multiplied. The Hertzian vector of the resultant field is then

(00]
“h)H2-k2 {
T [ [ e frnn.
o Ik (0<z<h) . (2.14)

The function F()) is then determined by the boundary condition. It is found
that

Foy= 2-12 ke b A2-k2
YA2-k2' /xz k2 +ik €

, (z>0) (2. 15)

and therefore

1 A M CRCR R TR TR
SR | RaZ head ke

(z>0) . (2. 16)
Noting that
‘/ 212 _;
il LS S S (2.17)
2-k2 +ik ¢ VA2-k2 +jke
and using eq. (2. 12) one may also write
~(z+h) V22 -Kk2
-jkR; _-jkRg © AJ (e @YX
T.e +2 -2jk¢ 2 dr,
A ! Ry A VA2-k2 (VX2-Kk2+jkg)
(z > 0) (2. 18)

where

Ry =Vr2+ (z+0)2 | (2.19)
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Thus, the resultant field at the point of observation is composed of a) a direct
contribution from the source, b) a contribution from its image at z=-h and c) an
additional term accounting for the fact that the plane z=0 is not a perfect reflector.
In the special case of a perfectly conducting plane (€=0) eq. (2.18) reduces to the
well known expression

o IRy -ikRp

L
A Ry + R, (2.20)

which is easily derived directly from TI’O by the concept of images.
Instead of proceeding with the evaluation of the integral of eq. (2. 18) one

may obtain a simpler form by noting that

L =,1}{_<1j_ 2 ) (2.21)
N2aZ (B2ahike T VW22 VA2 ke

Substituting in eq. (2. 18) one obtains

o KR -kR2

. _
A Ry Ry +21, (z>0), (2. 22)
where
@ AJ () Va2 2"
I-= ° o EIVASKT sy @. 23)

¥A2-k2 +jke

This integral has the drawback of extending from a fixed initial point (A=0)
to infinity. It is preferable to have an integration path extending to infinity at
both ends. This can be achieved by using the relations

Jo(x)= % [Hf)l)(x)+H22)(x{] (2.24)

Hf)z)(x)=—Hf)l)(—x) 2.25)
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to write

(00] 00}
f Jo@(dx =5 f Hf)l)(x)f(x)dx (2. 26)
0 =

where f(x) is any odd function of x .. Applying this result to the integral I,

one may write

(1)
@ M7 (ar) ~(z+h) x2oi2 N

1
I=- —_— , (z>0) . (2.27)
*J, Ak
Introducing the integral representation for Hf)l)(x)
1 .
V() =2 f XY G, (2. 28)
o T
Wl

where the path W, extends from w,=a;+jo (-7 <a; <0) to wi=bj-jo (0 <b;<7)
and is only asymptotically restricted to the regions E—7r <Rew<0,0 <Imw<oo]

and [0<Rew<7, -ow<Imw (] one may write

@ -(z+h) ¥A2-k2 +jrr cos w
1 Ae
I= dw f dr

= = (2.29)
27 VA2 -k2+k ¢
Wl =0
Let
A
x =3 (2. 30)
r = Ry sinfy , z+h = Ry cos 0y , (2. 31)

where 65 is the angle between the z-axis and the line connecting the source image
at z= -h with the observation point. If Ry >>h then 6y 2 ¢ where 6 is the usual
spherical coordinate.

In view of eqs. (2. 30) and (2.31) the integral I becomes
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(2. 32)

K @ kRz(jx COS We 8in H9-cos 62 -sz—l)
xe
_.f dw f dx ‘/T .
W xX“-1+j €

1 -
This integral can be evaluated asymptotically (for large kR2) by the saddle

point method of integration. Let k be a real, positive and large number and let the

functions g(z) and £(z) be regular in a certain part of the complex plane. Then

B
f g(z) ekf(z)dz o g(zo)ekf(zo) ’____?l_ , (k —-vob) (2. 33)
A _kfn(zo)

where z, is a saddle point of f(z) through which one chooses to pass in order to go
from A to B. If it is necessary to pass through two or more saddle points, then
each one makes its contribution to the integral and a sum of terms like (2. 33) is
obtained.

Considering the integration with respect to x in eq. (2. 32) a saddle point is

found at

cos w- tan 62

/1+coszw . tan292'

X (2. 34)

(o}

For w = 0 one gets x,=sinfy so that 0 <x, <1 . The integration path through the
saddle point is given by

Im [f(x)] = f(x,) (2. 35)

and this replaces the original path extending from -oco to 4o along the real axis
(Fig.2-2). When ¢ is capacitive the integrand has no poles and the term usually
identified as a surface wave does not appear in the solution. The branch point
at x = 1 (or X = k) may be handled by a branch cut which may not intersect the

path of integration.
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im : Branch Cut
|
Path of ‘ﬁ
Integration |
-
|
| .
L |\ Re
~ -
0 P \J
x-plane + o

FIG. 2-2: DEFORMED PATH OF INTEGRATION

Carrying out the integration with respect to x, as described above, and
then a similar integration with respect to w (the saddle point is w=0) one finds

that

o TKR2 2 cos 0y
S s (2. 36)

Substituting in eq. (2. 22) one obtains

e-]kR]_ e-JkRg cos 92—*;’

H = + . > 2
A Ry Ro cos Opt ¢ ’ (z>0) . (2.37)
The reflection coefficient of the infinite impedance screen is then
cos 92—§
P =Cos 62+§ .38

The same p has been found in the solution of the two-dimensional problem of a

line source above an impedance plane (Cullen, 1954; Keller and Karal, 1960).
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The derivation of the electric and magnetic fields is straightforward. It is
better to express the radiation fields in spherical rather than cylindrical coor-

dinates. The only non-vanishing components in the far field (kR>> 1) are

-ikR -, .
e jkhcos6, -jkhcos6 cosO-¢ .

= . -+ b

H¢ B R Ea e cos0Tt sing , (z > 0)
(2. 39)
EG =7 H¢
where

4‘? and B="Uzk (kf <<1) (2. 40)

M Je arj ’ '

2.2 Radiation from a Short Monopole

For a short monopole of height £ placed at z = 0 and having a uniform
current distribution i, one obtains

H=B e--JkR sin (26)

¢ R coso+¢

) (z >0). (2.41)

The mean power flow per unit area in a harmonic electromagnetic field is

given by

S=zRe[Ex ] . (2. 42)

D} =

When the surface impedance is created by corrugating a metal sheet, the resis-
tance component is very small in comparison with the reactance. Therefore,
one may write

£=jX, (X<0). (2. 43)
Then

. 2
el sin’(20) &, (z>0). (2.44)

S =
2R2 00529+X

The pattern of the radiated power appears independent of whether x is positive
or negative (i. e. inductive or capacitive). However, it should be recalled that
eq. (2. 44) is valid only for X < 0. When X> 0 there is an additional term rep-

resenting a surface wave which is predominant,
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The radiation pattern has only one lobe with nulls along the monopole axis and

the impedance plane and a maximum at

6 = arc cos J—Xz—x JX2+1 , (X<0) (2. 45)
given by

2 (V1x2+x)% (2. 46)

ma.xR

The total power radiated by the monopole is

k4)2
W=f d¢f ‘sm9d6 SR2= ( ) {(1+X2[1-Xtan'l(}-1<')] ":13-}

(2.47)

The input resistance is equal to the radiation resistance since the maximum
current along the monopole occurs at the input point. Therefore,

- ; 12R (2. 48)

and by comparison with eq. (2. 47) one obtains
(kf) -1 _
. n{(x%) [1-Xtanl( )] ,(X<0) . (2. 49)
If the half space z > 0 is vacuum or air then n = 120 7 ohms. Furthermore, if

X= 0, eq.(2.49) reduces to
2
Rin = 40 (kf) (2. 50)

i. e. half the input resistance of a full dipole in free space, as expected.

The directivity with respect to an isotropic radiator is given by

41 Uma.x
D= (2.51)

21 o [2
f f U sinododg
0 0

where

a
n

SR, (2.52)
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is the radiation intensity. It is found that

2
2 (V1+X2 +X)

D= ) 1,1 1
(1+X4)| 1-Xtan ()—(-)] -3

, (X<0) . (2.53)

Normalized radiation patterns computed from egs. (2. 44) to (2. 46) for dif-
ferent values of X are presented in Fig. 2-3. As IX| increases the pattern
maximum shifts from along the ground plane towards the monopble axis approaching
the limit of 6 = 7 /4 as X = - . The input resistance, however, decreases
rapidly as X takes larger values approaching zero in the limit as X-» - . A
plot of a normalized input resistance, with respect to a monopole of the same
height over a perfectly conducting infinite screen, is presented in Fig.2-4 for
different values of X. The variation of (maximum) directivity and position of the
radiation pattern maximum (6,,,5) are shown in the same figure. The
directivity changes monotonically from D,=3 (or 4. 77 dB)at X=0to D= 3.75
(5. 74 dB) at the limit as X — -o0o . The upper limit for the directivity was

derived from eq. (2. 53) by expanding numerator and denominator in power series.

2.3 Radiation from a Quarter-Wavelength Monopole

The radiation field due to the quarter-wavelength monopole is found by

assuming a current distribution

i(h)=i cos(kh) (2.54)
along the monopole and then integrating the contributions from elementary dipoles

of length dh and current i(h) over the interval h=0to /4. Thus

o IR M4 jkhcos® cosO- ¢ -jkhcos@
H¢=jiok- R Sin9f (eJ +c—os6+§ e >cos(kh)dh,
0

(2.55)

which yields
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0.5

-.01

0 900

FIG.2-3: NORMALIZED RADIATION PATTERNS OF A SHORT MONOPOLE

OVER AN INFINITE SHEET OF CAPACITIVE REACTANCE.
Parameter: Normalized Reactance.
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e-ij cos(zz-rcose) ¢ cos(gcose)ﬂ cosf-sin( ;—T cosej
Hy=loomR [ sing  coso+t sind
(2.56

Similarly,

EG: nH¢ ) (2.57)

For a purely reactive surface ¢ is set equal tojX as before. The mean power
flow per unit area is found by substituting H g and E g 28 given above into eq. (2.42).

The result is (radial component only)

.2
Tllo
S = ———é——gl__fl(u)ﬁz(u_)] , (X <0) (2. 58)
87 R
2
where £ (u) = cos“y , (2. 59)
1 2
l-u
fz(u) = _TX—E_" { [Zu-sinv)z-coszw{_’ X+2ucosv(u—sinv)} s (2. 60)
2
(I-u")(u +X%)
u=cos 6, (2. 61)
v = gu . (2. 62)

As in the case of the short monopole, the radiation pattern has only one lobe
with nulls along the monopole axis and along the impedance screen. To find the
maximum one sets

oS _
5 - 0 (2. 63)

which results in
2Xu(1-2u?
2 +X2)2

2
-X
;—T(l-uz) sin(ru)+ )Ei(uz+sin2v—2us inv—coszv)+2ucosv(u-sim5_| +
(u
2
+X(l u)

u2 +X2

EX( -2u-7 sin(7 u)+2sinv+rucosv) -2cosv(u-sinv) +2ucosv(;-r cosv-1)+

+1rusinv(u-sinv)] -2ucoszv =0. (2. 64)
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This equation is best solved numerically on an electronic computer. Anti-
cipating a shift of the pattern maximum from a direction along the ground plane
(6= 7 /2) at X= 0 towards the monopole axis (6=0) as X % -co , in analogy with
the short monopole, it is interesting to examine the position of the maximum

for X -0 . From eq. (2.58), obtain

2
lim$§ _ 7710 (u—sinv)2 2. 65)
X - ) :
| 87r2R2 1_uz
which results in
(1—u2)27—r cosv+usinv=1 (2. 66)

. . . _ o _
for 6 . The answer, obtained numerically, is emax—46.9 (X -m).

The input resistance, being equal to the radiation resistance, is given by

27 _w[2
2 -
R == f f SR2sin0dedf . 2.67)
in ;2
0 Jo 0

Some of the integrals that result when the expression for S is substituted
into (2. 67) cannot be evaluated in closed form without expanding the terms in
series. Instead of resorting to series expansions it is easier to evaluate the

integral numerically. Some simplification is possible, resulting in

7 Cin(27)
where
X
Cin(x) = f 1“;"56 do, 2. 69)
0
1
AX) =f f2(u)du. (2. 70)
0

The directivity with respect to an isotropic radiator is
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8 [t (w )+, (u)]
_ 10 20
DO e AR (X <0) (2.71)
where
u0=cos(6max) } (2. 72)

Normalized radiation patterns for different values of X are presented in
Fig. 2-5 . The angle where the maximum of the radiation patfern occurs was
obtained from eq. (2. 64) and is presented in Fig. 2-6. This angle changes from
900 to 46.9° as X is varied from 0 to ~oo . Eighty percent of this change takes
place in the range .01 <X<1.5. The monopole input resistance and directivity
(over isotropic) are shown in the same figure*. The directivity increases
slightly as X — -0 . The input resistance, however, decreases rapidly in-
dicating that relatively small amounts of energy can be radiated when IX| is
large.

The physical explanation for the observed shift in the radiation pattern when
the ground plane has a capacitive surface impedance can be better understood
if one looks at the physical model. One method of creating a capacitive surface
impedance is to cut corrugations in the surface of a metal plane. As described
in more detail in Chapter IV in order for the corrugated surface to present a
capacitive impedance it is sufficient that the depth of the corrugations be between
A/4 and 1/2, X being the wavelength. Now consider a monopole over a corrugated
surface with no current in the monopole. When the current is applied, waves
are radiated which originally may be considered as following a normal radiation
pattern, i.e. the large part of the energy flows along the ground plane. As
the first wave passes over the corrugated surface, diffraction takes place at the
tips of the walls of the corrugations and part of the energy is directed inside the
trenches. Each trench looks like a shorted transmission line, so the diffracted

waves are reflected at the bottom and return to the trench aperture where they

*
The resistance values are based on the assumption that the medium above the
impedance sheet is air or vacuum so that n = 120 7 .
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0°
1.0,

-.01

0

FIG.2-5: NORMALIZED RADIATION PATTERNS OF A QUARTER-

WAVELENGTH MONOPOLE OVER AN INFINITE SHEET
OF CAPACITIVE REACTANCE.
Parameter: Normalized Reactance
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are added to the waves traveling along the surface. Since the waves that are
reflected at the trench bottom return to the surface with a phase difference cor-
responding to the path surface-trench bottom-surface, the field strength along
the surface can be either enhanced or decreased. The former is true if the depth
of the corrugations is such that aninductive surface impedanceis created, the
latter if the depth is adjusted to create a capacitive surface impedance. This

is shown schematically in Fig. 2-7 where W, represents the wave originally
radiated along the surface, W5 is the wave diffracted at the corrugation tips and
reflected at the trench bottom. Thus the corrugated surface is really acting as a

secondary source of radiation, excited by the wave W The total field at any

A 1
direction 6 will be the sum of the direct wave in that direction, W3 plus all the

contributions of the waves W2 from all the trenches.
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N

D C
C

W._ +W W, +W!
12 172
e
X<0 X>0

FIG.2-7: SIMPLIFIED MODEL FOR PHYSICAL
EXPLANATION.
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RADIATION FROM A MONOPOLE ANTENNA OVER AN INFINITE SCREEN
WITH AN ANNULUS OF CAPACITIVE SURFACE IMPEDANCE

3.1 Formulation of the Problem

It is practically impossible to realize an infinite screen with a capacitive
surface impedance. If a method of corrugating a metal sheet is used for the
creation of the appropriate boundary conditions, the radial extent of the cor-
rugations is restricted by lower and upper limits imposed by the ability to
cut a groove of very srhall or very large radius. The only possibility then is
to create an annulus presenting a capacitive surface impedance in an otherwise
smooth metal surface. Accordingly the following model is chosen.

Consider a short monopole antenna at the origin, along the z-axis of a
cylindrical coordinate system and an infinite ground plane at z=0. The ground
plane is assumed perfectly conducting in the vicinity of the antenna out to a
radius a . This is followed by an area characterized by a boundary condition
of a high capacitive surface impedance extending from radius a to b. The
remaining area of the ground plane, outside radius b is again perfectly con-
ducting (Fig.3-1). The medium above the ground plane is assumed to be a loss-

free dielectric, such as air.

z

B By r

1 a 2 b 3

Z=0
b a BRI

FIG.3-1: PROBLEM GEOMETRY.

26
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It is very difficult to obtain exact expressions for the electromagnetic
field distribution in this case. An approximate method for determining the
radiation field of the monopole starts with an assumed approximate form of
current distribution on the plane z=0. It is known that the radiation pattern
and the power radiated by the antenna are not very sensitive to errors in the
assumed form of the current distribufion and so the method is expected to give
good results (Schelkunoff and Friis, 1952). Since the solution will not be exact,
the order of magnitude of 2 and b is important to determine and justify the
necessary approximations and the accuracy of the solution. Corresponding to
what is considered of practical interest and the dimensions of an experimental
model the domain of applicability of the solution should include the values
ka= 4 and kb = 12 where k is the wave propagation number in free-space.

The current distribution in region 1 (0 < r < a) is assumed to be the
same as if the whole plane z=0 were perfectly conducting. This means that
the reflected waves from the surface discontinuity at r=a are neglected.
However, as it is shown in the subsequent formulation,use of the current dis-
tribution in region 1 and any associated approximation errors can be avoided.

The current distribution in region 2 (a < r < b) is taken to be the same
in form as that which would actually exist if the whole ground plane had the
same impedance boundary condition. Here the known exact solution of the
canonical problem (Furutsu, 1959) is multiplied by a complex factor @ which
accounts for the surface discontinuity at r=a. The value of o is determined
later.

Lastly, the surface current in region 3 (b < r < o ) is assumed to be of
the same form as it would be if the ground plane were perfectly conducting
throughout. A complex factor [ is necessary to connect the surface current
expressions in regions 2 and 3. However, in the case of an infinite screen
knowledge of B is not necessary to derive the far-field pattern as it will be

shown,
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In the following,cylindrical coordinates (r, ¢, z) will be used for the source
point and spherical coordinates (R, 6, ¢) for the field (observer) point. The time

dependence of the source currents and fields is assumed to be expressed through

Juot which will be understood and suppressed; MKS units are used

a factor e
throughout.

The free-space fields due to a short dipole at the origin, along the z-axis
and of total length £ (k£ <<1) are obtained from those of an infinitesimal (Hertzian)

dipole of moment p by letting

5.
_ it 1
o (3.1)
Thus there results
H =ilke_J (i+ = ) sing
6,0 4R kR ’
E =-jifk —:J—- (-1+§—j— +-—3——)sinecose (3.2)
L0 WEENTTER kR 2.2 ; :
-jkR . .
.. 3j , 3 2 j 1
=-jidkn< [— Nl R . A H1l- - ———
E, oo itkn—pw | TR szz)COS oH1- i} k2R2) g

where n =V% . (3. 3)

Equation (3. 2) gives also the fields of a monopole of height £/2 over an infinite
perfectly conducting plane at z=0. The fields of a monopole of height £ are

then

e-'jkr 1
H = ’—'.1 — (j —
g,1 2H¢,O ik 27r (J+kr )
Ez, 1=2Ez, 0 i s (3.4)
9=§
and E =0

r1
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These are the assumed fields in region 1.
The exact fields of a short dipole located at the origin, along the z-axis,

over an infinite screen with a surface impedance

Z- ¢n (3.5)
are given by (FurutS.u, 1959)
st ot S [P S S0 e
B<E, it kne;j::i [381'1;(:20594.]- 300219{"% sin6-sing - coso g—(‘:—:—g—;g—
oo 6.0
E'Z=EZ, Siitkn e;j,k: [30:;;2—1 i 3cos20$2§cose +5in8 ;%69-;5

§(1 § )
§+cos6 (kR):l j
where

F(kR)=1+ij(cos9+§)[j g IR (1+cost) ng)(kRsinB f1i-¢2) +

[00]
. . P n -]
+ Q. (kremoieZ)' ¢ |, (3.7
n=o
ith
£ =y,
f1= «,[/ocosh wo - sinh z//o , (3.8)
f =-.1.—- (2n-1)coshy £ -s'nh2 f
n n2 wO n-1"" wo n-2 |’
+
coshy - B0 gpppy - L8O (3.9)
8ing y1-¢2 sing V1-¢2

| arg 162 < I, (3.10)
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and
s . — 5 Cos6+( |7 jKR(1+¢cos0) (2) / 2
G(kR) 1+JkRSm9ﬁ ¢ 1_—_+§COSG [ze (kRsinO y1- §
2 n
+ Z(ijsinG Vi-e?') g__\, (3.11)
n=o I
with g =sinh(p0 s (3.12)
1 .
g = 2 cosh(// smhw —w] (3.13)
and _ 1 _ il
g, - nz_l (2n-1)coshy g -sinh wogn_zj . (3. 14)

On the ground plane (6 = 7 /2) and with the help of eq.. (3.2) one obtains
from (3. 6)

oo i —Jkr 1 '
¢= i k o TG |, (2=0), (3. 15)

where G(kr) is obtained from eq. (3. 11) by letting 6=7 /2 .

The assumed fields in region 2 are then

e_jkr 1
=il — — i =
H¢’2 aifk ST +G(kr) |, (z=0) , (3.16)
and Er, 9 == ¢ nH¢, 9 - (3.17)

For large kr the infinite series in eq. (3. 11) converges very slowly. In
such a case it is better to use the asymptotic expansion of G(kr) which in the

case of capacitive surface impedance is

a0 1
Glkr) & - Z1 . b = (3.18)
n= (-jkr)

where
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n-+l (1/2) (11/2])
g! =(-0" 1! ¢ > L et (6=7/2) , (3.19)

= V-t aai-en it e

and (k) = -n—l, A(A-1)...(A-n+1) , (3. 20)

A\
(0)- 1. (3.21)

Finally, the magnetic field in region 3 is

e-]kr

27r

(j+l-(1;) . (2=0). (3. 22)

H¢,3 = Bifk

3.2 The Radiation Field

Consider a volume V enclosed by a surface S over which the values of
the fields are specified. Also consider a closed contour C lying on S and
dividing the surface S into two zones S1 and S2 . The vectors E and H and
their first derivatives must be continuous over each one of the regions S, and

1
S, and satisfy Maxwell's equations there. However, it is permissible for the

ta?ngential components of E and H to undergo a discontinuous change in passing
across the contour C. Such discontinuities can be reconciled with the field
equations by the introduction of a line distribution of sources (charges or cur-
rents) along the contour C. Under the above conditions the fields at any point
inside the volume V can be obtained from the specified fields on the boundary
S. Several formulae exist for obtaining the fields inside V. They can generally
be classified into two categories, those using the classical approach with the
Green's function being a scalar, a vector or a dyadic (Kottler 1923, Schelkunoff

1939, Stratton and Chu 1939, Levine and Schwinger 1950, Toraldo di Francia 1953)
and those using the Fourier transform method (Borgiotti 1963, Rhodes 1964, Tai 1967).
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In the problem at hand the volume V encompasses the half-space above
the ground plane into which the monopole radiates. Thus the surface S con-
sists of the plane z=0 and a hemispherical surface at infinity where the fields
vanish. The assumed field expressions in regions 1, 2, and 3 of the plane z=0
satisfy Maxwell's equations there. There are two contours where the tangential
components of the fields are discontinuous, a circumference C; of radius a
separating regions 1 and 2 and a circumference Cy of radius b separating
regions 2 and 3. In the case where S consists of a plane (closed at infinity)
which is perfectly conducting everywhere except for one or more finite regions,
the most suitable of the expressions based on a vector Green's function is the
one given by Toraldo di Francia. Let the primed coordinates indicate the
source point and the unprimed the field point. Then the fields at any point in-

side V due to the fields on the boundary are:

Ei(§)= ff vX[Glé‘xE(ﬁ'):] ds' (3.23)
S!
= = :_1_ A =S, ' .
A ()= fva vx [G) 2xE®R")] ds (3. 24)
SY
where _
_ _ ikR-RI
Gl(R, R') = m . (3.25)

In the formal derivation of these relations it is shown that the contribution from
the hemispherical surface at infinity to the surface integral is zero. Therefore
the surface integral extends only over region 2 of the z=0 plane where 2xEis

different than zero. So,
N == .
zxE(R') = 6’ Ep(r") , (z=0) . (3.26)

Taking E,. outside the curl operators which apply only to the unprimed
coordinates one obtains

Vx Vx [Glﬁ'_] - V2G1+($' FV)VG, - (3.27)



33

Noting that
B = § cos(P'-f)-F sin(g'-p) (3.28)
V’E-g—"%a—% éa (3. 29)

it is easily shown that the contribution of the second term of eq. (3.27) to the

surface integral of (3. 24) is zero. So,

Hy(B)= ﬂ' E (e v G,ds' . | (3. 30)

The function Gl satisfies the equation

2 - — —_— -
(vHAG (R, R"- - 6 (R, RY (3. 31)
where 6(§, R") is the delta function. Therefore for ﬁ% R' the following is true

f f E(V2+k2)G, (R, R")dS'=0 (3. 32)
Sl

and eq. (3. 30) may be written

o 2T b A
=j ! Iyt AYr .
H,(R) ]wef ag f dr'r'E G (R, r)¢" . (3. 33)
0 a

By considering pairs of surface elements symmetrically located with res-
pect to r and analyzing ;3\' in components along 6 and Q it can be readily seen
that the r-components cancel out. Retaining only the -component one may then
replace 6’ by 3cos(¢'—¢) in the integrand.

In the far field (R>>R') one may use the approximations

1 lg % (3. 349)

IR-
and

R
{ IR-R! }: exp{R-r sin6 cos(f- ¢')} (3. 35)
to write eq. (2. 33) in the simplified form

_kR 2T b
= . e +jkr'sinfcos(@-¢')
H¢’i(R)——Jw€ 27er dagr f dr'r'Ere g9 cos(f-g') .
0 a

(3. 36)
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Recognizing part of the integrand as the integral representation of the Bessel

function
2T
1 jz cosf
Jl(z)— 5] f e cosfdy , (3.37)
0
one may write eq. (3. 36) as
I S
H¢,1(R)= -WE " ErJ 1(kr sinf)r dr . | (3. 38)

a

Substituting Er 9 from eq. (3. 14) into (3. 38) one obtains

kb
D\ _ -jkr .1_ . . "
H¢,i(R)—a e A e [kr +) Glkr)| 3 (kr sin6)d(kr) (3. 39)
e'ij
=i
where A=iltk o) (3. 40)

Equation (3. 39) gives the induced field at a distant point due to the fields on the
boundary z'=0 . To find the total field at any point inside V one must add to the
induced field the field radiated directly by the monopole itself which, because of
the choice of Green's function is 21_{0 , i.e. identical with the field of the mono-
pole in the presence of an infinite, perfectly conducting ground plane. Thus, the
total field is

+H gi (3.41)
In the case of a perfectly conducting, infinite ground plane, it is evident from
eq. (3. 39) that H¢ . = 0 and then H¢=2H¢ o 28 expected.

, 1
It is necessary to evaluate the integral

3

I =f o X [}-1{- +j G(x)] Jl(x sing) dx . (3. 42)
. :
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First a general expression will be obtained, valid for all values of x but of
practical use for numerical computation only for small x (e.g. x <5). Thena
second expression will be obtained valid only for large values of xsinf ( e. g.
x sin 6 > 5) employing the asymptotic expansion for G{x) . Details as to the
accuracy of these expressions are given in the section with the numerical
results.

3.2.1 Calculation of Integral 1 in the General Case

Substituting G(x) from eq. (3. 11), with 6 = 7 /2, into (3. 42) and letting

x = kr (3. 43)
one obtains kb
I-= f e X Eﬂ'—x §11—§2'{geJXH§2)(XVI—§E )+ i(jx h—gi)nglﬂ-
n=o0
ka
. Jl(xsine)d.x . (3. 44)

The integrals that appear are

_jx
e .
1= f *—J (xsing)dx , (3. 45)
-jx . )
1,= f e J (xsinf)dx (3. 46)
_ -jx nt+l . _
In+1—fe X Jl(xsme)dx, n=0,1,2,3..., (3.47)
and K =fx H(lz)(x Vl—t’z )Jl(xsine)dx . ' (3. 48)

First the integral Ip; will be evaluated from which I_; and I will be obtained
as special cases. The power series expansions, about x=0, of the terms ap-

pearing in the integrand of L, ., are

[00)

e-jx - E (:J_)i < (3. 49)
m! ’
m=0 )
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@ .
xsme Z Jsme)Zm x2m . (3. 50)

and J 1(xs ing)= - (m oy 5

m=o0

The Cauchy product of two power series in the special case where one series

has only even terms is given by

Q Q0, m
(Z amx2m>< > Q. % 24Pm-2s (3.51)
m=o0 m= m=o '

where [m/2] denotes the greatest integer which is less than or equal to m/2 .
Using eqs. (3.49) to (3.51) to express the integrand and then integrating term

by term one obtains (the integration constant being understood and suppressed)

= ixP i ) ™ 3 1 (sin9)2£+1
™ = (G (m-20)! 2 ‘

m=0
(n 2 -2) . (3.52)

Although the values of index n in In+ 1 were such that I_1 and I0 did not appear

as special cases, the result expressed by eq. (3. 52) is general enough to include

I  andI_ . Instead of writing two infinite power series one for each of I X I

-1 0 0
some simplication can be achieved by expressing I 1 in terms of I0 . Starting
with I0 and int egrating by parts one obtains

_ .2 - . . -jx
I_1 jcos 610+ JsmBJO(xsmB) Jl(xsmeﬂ e . (3.53)
where
10:1n+1| oy (3.53"

The evaluation of K is straightforward resulting in

K = 2 5 [:smGJ (xs1n6)H( Vx =@ )- Y122 3 (xsmG)H( )x V1-¢2) _]

cos 6-¢ (3. 54)

Collecting terms and substituting into eq. (3. 39) one obtains

Hy (R)=at A[q)(kb) —@(ka‘i] , (3.55)
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where

m+2 [m/2]
Ciqin? (- JX) 1 sme 24+1
Bix)=-jsin’6 Z Z Ty (2 )

=X . . .
+e jsin6J 0(xsmG)--J 1(x:smeﬂ

—-’;’Vl -¢2
——— x |singJ (xsmG)H( )(xy‘l €2 ) |1- €2 g (xsmG)H( )(le -t ):]

cos29 -¢
/"—7 X n (JX) ]
ot N ) .
+ell-¢ E (xy1-¢2) g —— 21 (L+)! (m—zfz)'
n=o0 m=0
sing 24+1
( 5 ) . (3.56)

Combining eq. (3. 55) with (3. 2) the distant magnetic field of the short monopole
is obtained as

H ¢(I_{) =A{jsin6+oz f[ﬁ(kb)-@(ka;_‘} . (3.57)

It is possible to avoid the two infinite series in the last term of §(x) (eq. 3. 56)
by deriving the integral L, through a recurrence relation. This will be particularly
useful when the product xsind is small (e. g. x-sinf < 4) while x is not small
enough for the series to converge rapidly.

Let In be given by eq. (3. 47) and

I§= f e X"y O(xsin@) dx . (3.58)

Then, the following pair of recurrence relations is derived

2 n -jx . . . . . . o
. — . — — — i
cos -1 =x e lsme Jo(xsm0)+3J1(xs1n6)| j(n-1)I 1 nsing I 1 ,(3.59)

2, 0. 0 -ix [ . . . . . _ _i 10 .
and cos?9-10= x"e " [-s1n6J (xsin6)+J (xsing)| +sinon-1T -1’ . (3.60)

For 6 = 7 [2 these relations break down but this is not a serious problem since

the above relations are intended to be used only for small values of the angle 6 .
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It is noted that instead of one, two recurrence relations are necessary. Thus
in order to obtain I, one starts with the pair (I, Ig ) from which the pair (I, 1(1> )
is obtained and so on through the pair (I,_;, ]g_ ) from which I can be obtained.
Two basic integrals are necessary. Of these Iy has been derived earlier

(eq. 3.53). The second integral, Ig , can be similarly obtained with the use

of eq. (3. 49) and

m .
3 (xsin6)= 2 LD Szme y2m 2 (3. 61)
me=

m!m!

The result is (the integration constant being understood and suppressed)

mj2
o_. (0™ 1 sinf 2
R TmH 2 = (8. 62)
m=0 £=0 ¢! (m-2£)!

Thus the last term of §(x) (eq. 3. 56) can be replaced by
5 n
_e Yie2 e e
g V1-¢ nz=o: GVi-¢<).g L .. - (3.63)

3.2.2 Calculation of Integral I in the Case of Large (ka sinf) .
In this section the integral of (3.42) will be evaluated using the Hankel asymp-

totic expansion for the Bessel function Jl(x), eq. (3.74), throughthe x~3term to
guarantee adequate accuracy even when ka is not very large. The incorporation of
even higher order terms if needed to improve the accuracy is also straightforward.
Also the asymptotic ‘expansion for the quantity G(x) given by egs. (3. 15) through
(3.17) will be used. This is generally a divergent infinite series whose terms at
first decrease rapidly but later they start increasing again. Such divergent
asymptotic series occur frequently in the solution of diffraction problems. In
such cases it is common practice to consider as the "sum' of the series the
quantity obtained by keeping only a few terms by truncating the series at or
before the point where terms start increasing. The truncation of the series

determines a limit to the accuracy of this '"'sum' beyond which it is impossible
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to penetrate (Erdélyi, 1956) . Furutsu (loc. cit) has also obtained a convergent
asymptotic series for G(x) in which the terms include the incomplete gamma
function. However, although this is of great analytical importance, it turns out
that it is of little value for the numerical computations. Therefore the ordinary
asymptotic expansion which has a somewhat simpler form is considered more
suitable for the present treatment.

Substituting G(x) from eq. (3. 15) into (3. 42) one obtains
kb n .
-ix |1 < gn
I= e |24 Z’ . n] 3 (xsin6) dx . (3. 64)
ka n=1 (_JX)

The integrals that appear are of the general form

_jx
I :f_e__ J, (xsinf) dx, n=1,2,3,... . (3. 65)
n X1 1

First a recurrence relation will be developed and then the basic types will be

evaluated. Note that

J 1(x) dJ 1(x)

R A

(3.66)

and substitute in the integrand and then integrate by parts. The following

relation is obtained (the integration constants being understood and suppressed)
1 o e~jX
In= - l:—] In_l+s1n0 In-l— }—(;_—lJl(xsm(i, (3.67)

where I0 is defined as

n
o e-jx
In :f—x-—n— JO(X Sln9) dx . (3 68)
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It is noted that In and IZ as defined here are different from those of the previous

section. To determine In one must know both In- and 13-1' One more relation

1
is required which is given by

1 e &

I SR s _e . > )

1 5 sin@ In— ]In-l xn'l JO(XSInGZ] , n<=2. (3.69)
The basic integrals for the pair of recurrence relations given by egs. (3. 67) and

(3. 69) are

...J'x
- € $
Il— ~ Jl(x sinf) dx , (3. 70)
and .
o e %
I1 = X—Jo(xsme) dx , (3.71)

which will be determined next. Given the pair (I, I‘i ) one obtains the pair
(Io, Ig ), then (13, I(;; ) and so forth.

For large arguments, J 1(x) can be represented by the Hankel asymptotic
expansion. By substituting the asymptotic expansion of J l(x) into I1 a number
of integrals result of the general type

_jx
e
fxp 5 dx . (3.172)

Recurrence relations can be established by successive integrations by parts,

expressing these integrals in terms of

-jx
f ¢  ix (3. 73)
X

which in turn can be expressed through an error function with complex argument

or through the Fresnel integrals.
The Hankel asymptotic expansion for J l(x) for large x, is (Magnus et al, 1966)

Jl(x)=/7-r-—2; [P(l,x)cosy—Q(l,x)siny] , Xl >, (3.74)
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where
o
P(1, %)% 51'(-1)k L2 .+ 2., (3.
(2x) X
o) a
~ Z k (1, 2k+1) 2
Q(l,X)——- (1) ——gk—_i_i——;-——é + ..., s (3
k=0 (2x) X
[ (5 k)
(n: k) - l 2 (3'
k! [‘(-2-+n—k>
and =X - 3 T (3
y i . .
It is found that
3 _15 _ 105
¥ 7§ % g 237 o7 - (3.
With the help of eq (3. 74) the integrand of I1 is written as
B, B Bem
dIlg 1 3/J.2 E1+%)+j(i"-§) . jx(1-sing)-j3x7 [4
Yﬁvrsine X X X x
B B B
~-jx(1+sing)+
El+—) J(_____)] jx(1+sin6)+j 37 [4 dx .
where
a
Bk: and k=1,2,3 . (3.
sin 9

Consider the first part of dI1

1 1
I .2 —— =
1 Y27 sind ;35

To treat the general case (sing+ 1) let

u = x (1-sing), (sin6 # 1) (3.

By By B3 ~jx(1-sing)-j37 /4
[(1+ ;—Z)ﬂ(:—( -;JJ e dx. (3.

75)

76)

77)

78)

79)

80)

81)

82)

83)



B 1-sin6 k B
Yy ozk( =6 ) fork=1,2,3 (3.84)
and 3 /4
<OT .
_-i%7/% 1-sing 1/2
AqpTe Grsme (3.85)
Then eq. (3. 82) can be written
l 73 .
dr =A 3/2 [(1+ - :3{| du, (sino1) . (3. 86)

In integrating it is advantageous to consider the definite integral extending
from u to infinity, noting that the integrals of the terms of eq. (3. 86) can all

be expressed in terms of

© .
e U
= —du . (3.87)
yu!
u

By means of the substitution

2
u = -jt (3.88)
B can be expressed by means of the complement of the error function, namely
. T
T 3
B =/; (1-j)erfcl{e ~ ¥ (3. 89)
where
oo}
2 -t2
erfe(t)= = e dt = 1-erf(t) . (3. 90)
\£a
t

An alternate expression for B is

p @ e-jgtz
: v/z‘—r a
o E - C(@)]—j [% - s(lz——}')] , (3.91)

where C(X) and S(x) are the Fresnel integrals
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X
C(x)= f cos(;-’tz)dt
0
X
and S(x) = f sin(gtz) dt .
0

After expressing the integrals resulting from eq. (3. 86) in terms of B and col-

(3.92)

lecting terms together one obtains

0 0] .
2 5 4 8 1,1 2 4
= [ - - —— + — - -— —— —
f A=Ay 7= B”s"l 15 Y2t {05 7915 (3N B %2 10579
u

1,1 2 11 > 4 8
—_ (= - = - = = -3 A —— A — . .

* 5% 3 73] TR 5N 5+ 10y 7y (3.93)

Although in this derivation it was assumed that sin6+#+ 1, the result is valid also
for sinf=1 as can be seen by integrating directly eq. (3. 82) and comparing with
(3.93). The singularities created by the presence of u in the denominator

of eq. (3. 93) are canceled out by corresponding terms in the numerator (A11

and 'yk's ). This will appear more clearly in the final result expressed in terms

of the original variable x.
The second part of dI1 can be treated in a similar way. By collecting
all terms going back to the original variable and substituting for all coef-

ficients their numerical values the result can be written in the final form. Let

(0.0]

_.jx
g, = - f “— 3 (xsin0) dx, (3.94)

X

then
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o H1Hj) | o IX(1-s1n6) [( 1-sing_ (I~ % (1—sin9)3

W= Z 2 3
5ind Sind  32sing 128 sin“
. 2
1 1 1-sin6 (1-sino)
= (5= - —5—+ -
X 8sin® g4sin®0 256 sin3g

1 3 3(1-sing) 1 15
Ty 3 ' " 3 Torasinde
X” 128sin“6 512sin“6 x*° 1024 8in“0

- B(-sin0) [ﬁ-s( 2xllosmt))} {1 (f2(eind) )}:] :
T

2
[I l1-sing (1-sin@) (l-sine)3
"L asing a2 3
4sind  394in2g 128sin3g

-jx(l+si 3
L) e Bx(+sing) [ (1. Lsing _ (1+sing)®  (L4sino)

v5ino' Vi 4sinf  395in29  128sin30
1 1 I4sing (1+sin9)2
(8 2 2 3
x ' 8sin 64sin“0 256 sing
1 3 3 14sinf 1 15
o o+ X o)+ 3 3 ]
X 128 sin“6 512sm 6 xY 1024 sin“06

- Y2(+sin6)’ [{ % _S( \/ziﬂi___smm } { ¢ /2x(1+S1n9) }]

[1 _ lt+sing (1+sing)” _ (1+sing) °
40 3951n%  128sin’6

, |xsinf] —=>»m .
(3. 95)

It should be noted at this point that an exact and much simpler expression exists

for the special case where sinf=1, namely

—e-'jx I:—Jl(x)ﬂ' JO(xﬂ + C, (3. 96)
which yields o
-jx s
y‘/l(x) = -f e_; Jl(x)dx=4e JX[—Jl(x)+j Jo(xﬂ . (3.97)

X
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By introducing the asymptotic expansions for J(x) and J 0(x) into eq. (3. 97) it can
easily be verified that it is identical with eq. (3. 95) when in the latter one sets

sinf equal to one. The function Lﬁl(x) has been introduced to replace Il since it
was found advantageous to work with the definite rather than the indefinite integral.

In general let

® iy ®
Xﬁn(x)= - f e;n__ Jl(xsine)d:'{:-ln (3. 98)
X X
and w (4]
0 e X o
gn(x)=- f ;ﬁ— J Q(xsine)dx= -In (3. 99)
X X

The recurrence relations (3. 67) and (3. 69) which were derived for In and I:i
apply equally well to y?n and g}g as they are.
The function @({ can be obtained in an analogous manner. The Hankel

asymptotic expansion of J 0(x) for large x is given by

2 .
Jo(x) _LE [P(O, x)cos y -Q(0, x)sin ﬂ , 1X| > (3.100)
where ' .
a a4
&, 2, 4 .
P(0,x)=1 5 1 (3.101)
X X
-a! aé
Ny _ L9
Q(0, x)= —t3 (3.102)
X
T :
y=x-7, (3.103)
1 9 75 3675
1 1= = 1 = ! = | ey
with M g: % {38’ % ioza ™ %~ 33768 - (3.104)

Inserting the above expression for J 0(x) in eq. (3. 71) one obtains: the following
result
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Q .
o e . N
fl (X)— —f -—-}—[—- JO(XSHIG)dX =
X }
o -(1-j) |7 Px(-simd) [( _1-sing _ 3(-sing)’ _5(1-sing)’ )
J5me'| yaR 12106 1006in%e 896 sind0
41l 30-sin)  50-sing)”
X 248106 50020 1702sin6
1 9 15(1-sing .1 75
-5 3 : 13))”'5 3]
x° 640sin“@  3584sin”9 x° 7168sin°6
N oy 1 -/Zx(l-"s' in6) } (1 [ex(1-sin6) :l
V2@ sme)'[{z S( - )1+ 5 C( - )

. [1 1-sind 3(1—sin9)2_ 5(l—sir16)3

128106~ 1000in%0 896 sin6

_ (1+j) e-jx(1+sin9) [( + 1+sin6d 3(1+sin9)2 + 5(1+sin9)3

)

Voo i 128106 100 sine 896 sin30
1, 1 30+sinG) | 5(i+sing)
) x4 sing 2 3

320sin 6 1792sin 6

-5 ) <]
x2 640 sin20 3584 sin39 x3 7168 sin30

o [{; s 2SR | +j{ Lo 2——"(1;8“’))}]-

3
1+sinb 3(1+sin9% 5(1+8inb) .
[1+ Zsine 3 T 3|, ksinbl - .

160sin 6 896 sin 6 (3.105)

1 9 15(ltsing) , . 1 75 ]

No exact expression has been derived for I(; in the case where sinf6=1 .

With all the terms calculated one may now go back to integral I of eq. (3. 64).

[0 0) n,
gx)= - f e l}( g Z
X n=

Let

&
n:l J, (xsin6)dx . (3.106)
(-ix)
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Then I is given by

I = J(kb)-J(ka) , Ixsin6 | oo (3.107)
and consequently

H¢ i(I—{)= a ¢ A[@(kb)-@(kaﬂ ,  |xsingl > . (3.108)
The function (x) can be readily written down with the help of _d}n(x) as
n

I i ) gl i () (3. 109)
n=

where @n(x) is obtained from y}l(x) and @i(x) from the recurrence relations (3. 67)

and (3. 69)

3.2.3 The Radiation Field in the Case of Small ka and Large kb

In the previous sections two different expressions have been derived for the
radiation field. The first is generally valid but practically useful only for small
arguments (kr) while the second is valid only for large arguments (krsinf). An
obvious difficulty occurs when kr is large while sinf is small. At the limit 6=0,
corresponding to the monopole axis, the magnetic field is obviously zero but its
value for 6 near zero cannot be readily obtained. The most suitable expression
for this case is the general solution as modified by eq. (3. 63). Still, the most
important range is near the value 6 = 7 /2 and near the maximum of the radiation
pattern and in this range the derived expressions do apply.

In the case where ka is small but kbsing large the two expressions are com-

bined by writing eq. (3. 42) in the form

(03] ka (0]
I =j‘ L(x)dx- f L(x)dx- f L(x)dx (3.110)
0 0 kb

where the common integrand in the above integrals is

L(x):e_jx E +jG(xi‘ J 1(xasine) . (3.111)
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Using the functions @(x) and J(x) (see eqgs. (3. 56) and (3.109) ) one may write
(0 4)

I= f L(x)dx- [@(ka)-@(oﬂ + g (kb) . (3.112)
0

Since a direct substitution of x=0 into ﬁ(x) yields some terms with undetermined

forms, §(0) will be evaluated as

o) = im §x) . (3.113)

X0

Using the limiting for ns of the Bessecl functions for small arguments

Jo(x)~1

Jl(x)N%x
'H(Zk‘i)'v-z- In x =? (8. 144
Wo W™

...(2) 1 2
JHl (x)~ plll

it is found that

®(0) = jsino(1 - S ) . (3. 115)
cos 6-¢
Furthermore, have
00 00 . 00
e ¥ -jx
f L(x)dx=f ~ Jl(xsine)dx+jf e ! G(x)Jl(xsinB)dx . (3.116)
0 0 0
The first of the two integrals is given by
© _ix
e . _ . 1l-cos6
f -;—Jl(xsme)dx— j SinD . (3.117)
0

To calculate the second, use is made of the integral representation of G(x)

which is (Furutsu, 1959)

oo—jzr
. 2 . P)
G(x)=1-j xe’™ ¢ f1-¢2 f coshy ¢ X178 cost (3 115
Yo
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where

! andsinhy = —=— . (3.119)

Inserting (3. 118) into the second integral of (3. 116) one may write

(s} (03}
f e_]XG(x)J l(xsinf))dx = f e g 1(xsiné))dx
0 0

00 oo—jg
-j¢ Ml-ng le(xsine) f coshy e-jx 1—c‘zcoswdxpdx .
0

l//o (3.120)

cosh y o:

For the first term in the right hand side of (3. 120) one obtains

Q0

X (xsing)dx = - L29980
f e Jl(xsme)dx =~ 3inboost ° (3.121)
0

The second term denoted below by K, is calculated by interchanging the order of

integration:‘ integrating first with respect to x using the relation

00
-ot _ B
f e Jl(Bt)t dt= W s (Re a> IImBl ) (3. 122)
0 @ +87)
and then with respect to ¢, to find
_ ¢ sinfb
" cosO(coso+t) ° (3.123)
Substituting (3. 121) and (3. 123) into (3. 120) one obtains
o)
-jx . _ (€-1)(1-cosb)
f e G(x)Jl(xsmG)dx = Sm6(tToos8) (3.124)
0
Substituting (3. 124) and (3. 117) info (3. 116) one finds that
o)
sinf
= -} . .12
f L{x)dx m (3. 125)
0

*See footnote at end of Chapter.
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With the help of eqgs. (3. 125) and (3. 115), eq. (3. 110) becomes

coso

I=y (kb)-®(ka)+jsing (1- —5—3 ) (3.126)
cos 6-¢

and the far-zone magnetic field is therefore

H¢(ﬁ) =A{ jsing+er ¢ [ (kb)-Qlka)+jsing (1- _______ccz)se 5 )] } . (3.127)
cos 0-¢
There remains the determination of the complex coefficient « . This is accom-
plished on the basis of the following physical argument. It is known (see Ch. II)
that in the case of an infinite sheet with capacitive surface impedance the radiation
pattern has a null along the ground plane. Therefore by letting kb =»o00, in which
case {(kb) —0, and 6 = 7 /2, the magnetic field given by eq. (3. 127) should be

zero. This leads to an equation which can be solved for @. The result is

_ -1
¢ [141 @ (ka)]

In the case of large ka a simpler expression is derived from eq. (3. 98)

« , B=7]2). (3.128)

namely,

a (ka = large) . (3.129)

-1

As seen, the factor a depends upon ka. This was expected since the mag-
nitude and phase of the field induced from the impedance annulus, which is con-
trolled by @, depends upon how far the primary source, i.e. the monopole, is
situated.

For ka = 0 one finds from egs. (3. 128) and (3. 115) that

a=1, (ka=0). (3. 130)

This result again is according to expectations since when the impedance
boundary extends all the way to the source, the assumed surface field should be
identical with the exact solution. It is interesting to note that although o was
determined solely on the basis of what should happen when kb -+ o (with ka

arbitrary), it automatically satisfies the other limiting condition, i. e. ka=0
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with kb arbitrary.

Numerical values of the magnitude and phase of @ computed from (3. 128)
and (3. 129) for different values of a purely reactive surface impedance ({=jX,
X< 0) are plotted in Fig. 3-2 versus ka.

For finite kb the ratio of the field intensity along the ground plane to the

value that would exist in the absence of the impedance annulus is given by

I"= - = @(ka) - for ka = small
H¢’1(§) J (3.131)
¥ (kb)
= 7t for ka = large

The ratio in the radiated power in the same two cases is I"'z .

The radiation field has been calculated using Egs. (3. 56) and (3. 127) for
different values of ka, kb and X assuming that the real part of the surface impedance
is zero. Typical radiation patterns are shown in Fig.3-3. All patterns were nor-
malized with respect to the maximum intensity in the case of an infinite, perfectly
conducting screen which is taken as one. For a given pair of ka and kb four patterns
were calculated for different values of X and are shown grouped together. When
-0.1 < X <0 the patterns tend to be very similar to the pattern obtained with X=0.
When - <X<-2,5 and @ 2 ) () is the wavelength) the pattern changes very little
(cf. with Ch.II). The values of ka and kb were chosen so that the radial extent of
the reactive annulus in the different cases would be equal to either A,/ 2 o0r )

Optimum selection of ka, kb and X is possible with respect to various objec-
tives, By comparing the pattern corresponding to the same value of X and radial
extent of the reactance annulus but different ka (Fig 3-3, a, ¢, e, g, h) an optimum
value of ka canbe chosen so that the ratio of H¢(90°) to the maximum value of H¢(0)
would be minimized (ka=7 or a@=)). If the objective is maximum beamwidth, Fig.
3-3g shows that when ka = 37 /2, kb= 57 /2 and X= -2.5 the field intensity does not

vary more than 9 percent over a 730 beamwidth.
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3.3 Comparison with the Exact Solution in Limiting Cases

There are two limiting cases for the problem treated in this chapter for
which the exact solution is known. One is when the surface impedance of the
annulus a <r <b is equal to zero in which case the problem reduces to the
well known case of a monopole over an infinite, perfectly conducting ground plane.
This limiting case can also be reached by letting ka = kb . In either case it is
obvious from the beginning of the solution (egs. 3. 39 and 3. 41 ) that there is
agreement with the exact solution.

The second limiting case is obtained by letting ka =0 and kb -» o .

Then the problem reduces to that of a monopole over an infinite sheet with

surface impedance ¢ . Substituting in eq. (3.127) with

$ (0 = lim § (ka)=jsing (1 - ——) (3.132)
cos 0-¢
- lim -
¥ (o) b oDﬂ(kb) 0 (3.133)

it is found that

-JkR sinfcosb

= e
=i .
(R) = jitk 27R coso+ ¢

(3.134)

H
¢
which is identical with the first term {radiation field) of the exact solution,

eq. (3. 6). This term has also been derived directly in Ch.II, eq. (2.41).

*In the absence of a rigorous proof, it is noted that the inversion of the order of
integration is consistent with numerical results which show that the resulting
value for I, given by eq. (3.126), is identical with the alternate form

I=g(kb)-@(ke)+ B (ke)- § (ka), a<c<b.
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THE MONOPOLE ANTENNA OVER A SCREEN
WITH AN ANNULUS OF CAPACITIVE SURFACE REACTANCE:
EXPERIMENTAL INVESTIGATION

4.1 Facilities

The experiments reported here were conducted in two anechoic chambers.
The dimensions of the first chamber are 50'x30'x 15' with a 12! square alumi-
num ground plane mounted in the center of one end wall. The ground plane con-
sists of nine 4'x 4! individual sections joined by 2'" aluminum tape. The ceiling
and floor are covered by four-inch thick hairflex microwave absorber while the
rear and side walls are covered with 26- and 18-inch absorber pyramids, res-
pectively, The chamber is lined with interlocking aluminum foil sheets to pro-
vide a known uniform termination for the absorbing material and to shield the
room from external signals. These sheets provide also an electric continuation
to the ground plane (Lyon et al, 1966)., Measurements of radiation patterns,
coupling and impedz;nce have been performed in this chamber.

The second chamber consists of a rectangular portion with dimensions
11'x12'x10' and a tapered portion 33' long. This chamber has been designed
primarily for surface field measurements and was used for this purpose (Knott,
1965). The walls of the test area consisting of the rectangular portion of the
chamber are covered with absorber pyramids while the tapered section is
covered by hairflex absorber. The antenna under test is placed on a styro-
foam support column. The field probe is supported by a balsa wood structure
and can be moved anywhere near the test antenna by the positioning servo-

mechanism located above the chamber.

4,2 Experimental Models
4.2.1 Creation of a High Surface Impedance

At microwave frequencies the surface of a perfectly conducting body can
be modified into a surface with an impedance different from zero either by

coating the body with dielectric or ferrite materials, or by creating corrugations
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in the metal surface (Rotman, 1951; Barlow and Cullen, 1953). In the former case
the impedance is generally cbmplex. In the latter case the resistance is either
zero, for a perfectly conducting body, or very small, for a metal of finite con-
ductivity and can be neglected in comparison with the much larger reactive
part.

A non-perfect conductor has generally a small surface impedance given by

wu b

Z= (1) =,

(4.1)

where § is the skin depth, u the permeability and w the angular frequency. By
corrugating the metal surface with parallel-wall grooves a high surface reac-
tance can be created.

Each trench of a corrugated structure with parallel walls may be considered
as a uniform transmission line of length d (the depth of the groove) terminated
by a short (trench bottom). If the trenches are narrow enough, so that only a
TEM-mode propagates in them, the impedance as seen at the trench aperture
is

Z = jntan (kd) , (4.2)
where k is the propagation coefficient in free space and n is the free space
characteristic resistance. It is assumed that there are at least three corru-
gations per wavelength, The resistive component of the surface impedance
has been neglected as being very small compared to the reactive component.

Because of the finite thickness of the wall separating two adjacent slots, the
surface impedance of the corrugated structure is not uniform but varies from
zero, over the wall, to Z over the slot. A first order approximation is to con-
sider an average, uniform, surface impedance, i.e.

z=j‘§’ntan(kd), (4.3)

where w is the slot width and s is the center-to-center spacing of two adjacent

slots.
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It is obvious that the surface impedance of a corrugated sheet is anisotropic.
For Eq. (4. 2) to be valid it is necessary that the components of the magnetic and
electric field along the surface be parallel and perpendicular to the corrugations,
respectively. Thus in the case of a monopole, the surface reactance can be
created by cutting concentric grooves in the ground plane. If in any cross section
through the monopole axis the trench walls are parallel, these corrugations
would still be considered having parallel walls. In the case of an infinite mag-
netic line source, which may represent a very long thin slot, the grooves should
be parallel to the line source.

Using Eq. (4. 2) one may determine, for a given depth d, the range of fre-
quencies over which Z is inductive or capacitive. To reduce the radiation along
the ground plane it is desired that Z be capacitive. An inductive impedance
may support a surface wave and therefore result in increased power flow along
the ground plane. Thus, there is a pass-band for a surface wave for o<kd<Z s
or 0 <d <% (X being the wavelength), a stop band for 3—; <d <% and so forth, A
more accurate analysis shows that the stop band actually extends over a wider
range of frequencies when w % 0 . A brief outline of this analysis is given below.

A two-dimensional, periodic, corrugated surface is considered. A TM-mode
is assumed above the corrugations. By using Floquet's theorem for periodic
structures and considering an infinite number of space-harmonics above the sur-
face in order to satisfy the non-uniform boundary condition one obtains a deter-
minental equation from which the phase constants of the space harmonics can
be determined. At the frequency where the cut-off of the first pass-band occurs

this equation is simplified to the following form (Watkins, 1958)

. W
T L [(1+2n) % o, t1t0 (4.9
kd tan(kd) 71'2d l1+2n]| (1+2n) s s =y =4y, .

n

This equation can be solved by graphical methods or by trial and error. For
a desired cut-off frequency the propagation coefficient k is specified and then

there are three parameters (d, w, s) to be chosen to satisfy Eq. (4. 4). The most
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critical parameter is d. As a starting point for a trial and error solution d may
be chosen slightly less than A / 4 where 1, is the free space wavelength at the
desired cut-off frequency.

It is known that a greater surface impedance results in greater reduction of
the radiation along the ground plane. Therefore, and in view of Eq. (4.3), it is
desirable to make the ratio w/ s as great as possible, the upper limit being one.
Considering s as constant for the moment, it follows that the wall thickness t
should become as small as possible. Here a limit is imposed by consideration
of the metal properties and the construction method that will be used.

A consideration of the w- diagram for the corrugated sheet (Watkins, 1958)
shows that the larger the ratio s / d, the more the cut-off frequency deviates
from the value for which d= vy causing the stop band to increase, which is
desirable in broadband applications of the method. For this reason one would wish
to make s and therefore w (since t is fixed) as great as possible. On the other
hand w is constrained by an upper limit imposed by the conditions under which
Eq. (4.4) was derived namely that the trenches are narrow enough so that only
a TEM-mode propagates inside. In order to obtain reasonably accurate results
from (4. 4) and to avoid spurious harmonics one would have to limit w to ap-
proximately one-tenth of a wavelength. However, values of w = 7‘/ 3 have also

been used with good agreement with (4. 4). (See Ch.V, Section 5. 3. 1.)

4.2.2 Antenna Models

Following the above outlined procedure, sets of circumferential corrugations
have been designed and built for use with a monopole antenna. Each set of cir-
cumferential corrugations had an opening at the center where a monopole with a
small metal disk or some other antenna could be mounted. Then the whole
structure with the antenna at the center surrounded by the corrugated zone forming
a reactance annulus was either mounted in the 12' square ground plane or used
alone in a free space environment. Two sets of parallel wall circumferential cor-
rugations have been designed for operation at S-band (2.7 to 4.0 GHz) and X-band
(8.2 to 12. 4 GHz).
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The monopoles used at X-band were one quarter of a wavelength long and
they were cut from copper wire, Irises of different diameters were used at the
monopole base to improve the matching to the coaxial line feeding the monopole.
However, a poor repeatability was detected in some measurements due to the
strict mechanical tolerances required at X-band. Therefore, these results are
not shown here.

Three cylindrical monopoles were used at S-band. Two of these were one
quarter of a wavelength long (at 3. 07 GHz) and they were machined from brass.
The third was a short monopole and was cut from copper wire, The dimensions

of these monopoles are shown in Table IV-1.

TABLE IV-1: DIMENSIONS OF MONOPOLES

Monopole Height, h Diameter, d h/d
A 2.44cm (. 960 in) 0.11 cm (. 045 in) 21.3
B 2.44cm(. 960 in) 0.16 cm (. 062 in) 15.5
C 0.81cm (. 320 in) 0.08 cm (.032in) 10.0

The monopole mount that was used consisted of a type-N connector attached
to a tapered coaxial section acting as an impedance transformer. The input and
output characteristic impedances of this mount are 51 2 and 55 2 respectively,

calculated from

1 To
= tn (=2
sy - n(ri), (4.5)

I=

Z

where r; and r, are the inner and outer radii of the coaxial line respectively.
The dimensions of this mount are shown in Fig. 4-1. Monopoles A and C were
used with this mount as transmitting antennas. Monopoles B and C were used
with a slightly different mount as receiving antennas in the coupling measure-
ments.

The mount was terminated to a small flat disk whichiwould be mounted at

the center of a set of circumferentual corrugations. The corrugations, designed
for operation at S-band (hereafter referred to as corrugations S) had the fol-

lowing dimensions
d = 2.41 cm (. 950 in),
w = .81 em (. 320 in),
s =.89 cm (.350 in) .
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When the monopole with the small disk was mounted at the center, the corrugated
area extended from an inner radius of 5. 73 cm out to a radius of 16. 32 creating
an annulus extending radially for 1.2 A at 3.4 GHz. The corrugations were
milled in a solid piece of brass. They are shown in Fig. 5-10 with a broadband
S-band slot mounted at the center instead of the monopole.

Using Eq. (4. 4) which is strictly applicable only to infinite extent corrugated
surfaces one finds that for corrugations with the above dimensions the cut-off
frequency for the first pass band is 2. 74 GHz and for the second pass bend 8. 31
GHz. Thus the corrugations should reduce the antenna radiation along the ground

plane at both S- and X-bands.

4.3 Impedance Measurements

The monopole standing wave ratio and input impedance were measured with
the antenna mounted in the 12' square aluminum ground plane facing the anechoic
chamber. Two sets of readings were taken, one with a flat ground plane to
establish a reference, and one with the corrugated disk surrounding the mono-
pole. In ﬁhe latter case the tips of the corrugations were flush with the rest of
the ground plane.

In the experimental set-up a coaxial slotted line having a residual standing
wave ratio less than 1. 06 was connected directly to the antenna. A broadband
crystal detector was used and the signal amplitude read on a standing-wave-
ratio meter. The frequency was read on a resonant cavity frequency meter with
error less than 0. 1 percent. For the impedance measurements a thumbtack
short was placed at the termination of the coaxial line at the ground plane, re-
placing the monopole. A standing-wave-ratio of at least 30 dB was then
observed.

The variation of the standing wave ratio of monopole A is shown in Fig. 4-2.
The two cases, with and without the corrugations, are presented in the same
figure for comparison. Rectangular plots of the resistive and reactive parts of
the input impedance constructed by reading off values from the Smith chart are

shown in Figs. 4-3 and 4-4.
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These measurements show that in the presence of the capacitive impedance
annulus the input resistance of the antenna remains nearly constant over a con-
siderable frequency range, thus permitting a better matching to the transmission
line. The antenna input reactance, however, follows the same general trend as
when a flat ground plane is used. In conclusion, the presence of the corrugations
has a beneficial rather than adverse effect on the monopole input impedance. This
is in direct contrast to the case where the capacitive surface extends all the way
to the monopole base when the monopole input resistance becomes very small

(see Ch.II, Fig. 2-6).

4.4 Near Field Measurements

The near field of the monopole in the presence of the capacitive surface
reactance was measured in the smaller anechoic chamber described earlier.

An unbalanced, shielded loop probe was used for measurement of the magnetic
field near the surface of the ground plane. The probe was made of semi-rigid
coaxial line with an outer diameter of 0. 9 mm. The inner diameter of the loop
was 1.5 mm which is equal to 0. 015 X at 3 GHz. The outer conductor had a very
thin gap of approximately 0.2 mm to expose the inner conductor. A tiny drop of
epoxy resin applied to the region of the gap served to electrically insulate the
probe from the surface and to strengthen the loop (Knott, 1965).

Whiteside (1962) shows that such a loop measures magnetic fields accurately
when its diameter is very small compared to a wavelength, as in the present
case. The output voltage of the probe is a measure of the average magnetic field
through the loop. The signal from the loop was fed into a wide range receiver
where it was amplified and then read on a standing wave meter. The system was
checked for square-law response with the help of a precision attenuator set.

In all the near field measurements reported here, the probe was parallel
to the monopole. In this case a source of error is the disturbance of the original
field distribution due to the presence of the probe when the probe is very close
to the monopole. Another source of error is the sensitivity of the probe to

electric fields. The electric sensitivity of the probe can be determined by
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rotating the probe about its axis and noting the change in the output signal strength.
The probe that was used exhibited a signal variation upon rotation of 0.2 dB. A
practical way to test the overall system accuracy is to measure the magnetic field
in a case where the exact field distribution is known and then compare theory and
experiment. To obtain such a comparison, monopole A was mounted at the center
of a 3' x 2' aluminum ground plane. It was assumed that the field distribution near
the monopole and far from the edges of the ground plane was essentially the same
with that which would be observed if the ground plane were of infinite extent. The
exact magnetic field in the latter case is
My -ikRy  -jkR
e +e

- kR
H¢_47r ( )

2 -2 cos (kh)e_]

(4. 6)

=

where I is the maximum current along the monopole and the other symbols are
as defined in Chapter III. The magnetic field was measured near the ground
plane at 3.0, 3.2, 3.6 and 4. 0 GHz with the probe moving along the longest
axis of the ground plane at a distance of 0. 3" to 9" from the monopole. Then
the experimental data were compared with the theoretical data derived from
Eq. (4. 6). The agreement was excellent for spacings greater than 1. 5" but
significant differences (up to 0. 75 dB) appeared at closer spacings. The dif-
ferences between theoretical and experimental values that were observed at
close spacings with a flat ground plane, were tabulated for the above four fre-
quencies and used as correction constants in the subsequent measurements.

Next, a zone of the ground plane in the form of an annulus was replaced by
the set of corrugations S and the surface magnetic field was measured at the
same four frequencies. The results are shown in Fig. 4-5 after the near field
correction. The theoretically derived magnetic field in the case of a perfectly
conducting, infinite ground plane is shown superimposed for comparison. The
two curves on each plot, whose overall levels are arbitrary, were positioned
with respect to each other on the basis of a near field coupling measurement,
at a spacing of 9. 0", which is described in detail in Section 4. 6. The two

arrows along the axis of abscissas in Fig. 4-5 indicate the extent of the
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corrugated area. Parameter z indicates the height of the magnetic field probe
center above the ground plane. The different probe heights shown were chosen
so that they would correspond to the same fraction of the free space wavelength
at every frequency (. 04 Ao)- The theoretically obtained magnetic field above

the reactively loaded area of the ground plane is shown at two frequencies for
comparison.

The many undulations present in the experimental curves are caused by
the non-uniform surface of the physical model. The field is stronger above
the wall separating two trenches and weaker over the trench. This effect is
more pronounced at the lower frequencies, near the surface wave cut-off fre-
quency. By increasing the probe elevation slightly one may obtain a smooth
curve as shown in Fig. 4-6. When this is done, however, the overall level of
the measured surface field is a little higher, as shown. That is the reason why
the theoretically obtained surface field for X = -3. 58 (see Fig. 4-5b) appears
lower than the measured field. Using a different value for the surface reac-
tance (X= -2.5) the theoretically obtained surface field appears to agree better
with the experiment. However, the resulting radiation field pattern (using
X= ~2.5) is slightly farther away from the measured pattern than the pattern
obtained using X= -3. 58 which is the value obtained from Eq. (4. 3).

The surface field distributions shown in Fig. 4-6 were obtained with the
ground plane terminated at the end of the corrugated area. A comparison of
Fig. 4-6 with Fig. 4-5c, shows that the surface field above the corrugations
may be considered to a first order approximation as independent of the exis-
tence of a ground plane beyond the corrugations. The reason is that the re-
flected waves arising from the discontinuity at the end of the corrugations are

quickly attenuated traveling over a high capacitive reactance.

4.5 Radiation Field Patterns

The radiation field patterns of the monopole mounted on the 12' square ground
plane were measured using a pyramidal log-periodic antenna with a gain of 7

to 9 dB as receiving antenna. The receiving antenna was rotated in the polar
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plane of the monopole with its apex at a radius of 1.83 m (18 A at 3 GHz). At
the position closest to the ground plane the axis of the log-periodic array was
at an angle of 0=860 from the monopole axis. The reactive loading was accom-
plished by using the corrugated disk S around the monopole with the tips of the
corrugations flush with the surrounding ground plane. Three cases of reactive
loading were considered. In the first, corrugations S were completely exposed;
in the second, only the inner half of the corrugated area was exposed, the other
half being covered by aluminum foil; in the third, only the outer half was ex-
posed. A variety of radiation patterns was thus obtained providing suitable tests
for the theory developed in Ch.III. A comparison of experiment and theory is
provided in Fig. 4-7 where experimental results for the three different extents
of reactive loading and two different frequencies are shown together with the
theoretically derived far field patterns. In these figures the amplitude is nor-
malized, with the maximum in the case of an infinite perfectly conducting ground
plane taken as unity. The agreement between theory and experiment is better

at 4.0 GHz than at 3. 6 GHz. The main reason is believed to be that the mathe-
matical model of a uniform surface reactance used in the theoretical derivation
and Eq. (4. 3) used to derive the equivalent surface reactance of the parallel

wall corrugations represent better the physical model at frequencies further
away from the surface wave cut-off frequency. Some comments on the numerical
computations are given in Appendix A.

The monopole surrounded by the reactively loaded ground plane is still
omnidirectional in the azimuth direction, however, the direction of the maxi-
mum shifts much closer to the monopole axis. For large absolute values
of the surface reactance such as X < -2.5, the radiation pattern depends little
upon the precise values of X and more on ka and kb which determine the
position of the corrugations relative to the monopole. With the capacitive
reactive loading the radiation along the ground plane is reduced and thereby
the unwanted coupling to adjacent antennas is reduced. Also there is some
increase in antenna gain and some control over the position of the maximum in

the radiation pattern,
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The variation with frequency of the basic features of the radiation pattern
i.e. position of maximum, half -power beamwidth and level at 6=90° (along the
ground plane) with respect to maximum level are summarized in Fig. 4-8.
These data were obtained from several measured radiation patterns of monopole
A with corrugations S in the 12! square ground plane. The half-power beamwidth
of a quarter wavelength monopole over an infinite, perfectly conducting screen,
is 39°.

When the monopole and corrugated dish were tested in a free space environ-
ment the level at =900 was 6 dB below the level corresponding to an infinite
ground plane as expected. The radiation behind the disk was very small in con-
trast to the case of a flat disk. The difference is illustrated in Fig. 4-9. In
this figure curve A shows the radiation pattern of monopole A over a disk with
radius 5.7 cm, equal to the inner radius of the corrugations S; curve B was

measured after corrugations S were added.

4,6 Mutual Coupling

The effect of the reactive loading of the ground plane on the near field
coupling of two monopoles was measured using a swept frequency technique.
Monopole A was surrounded by corrugations S and monopole B was placed at
a distance of 22.8 cm (2.5 A, at 3.3 GHz). The measured coupling with and
without the corrugations is shown in Fig. 4-10. Since the power level at the
transmitting antenna varies (within narrow limits) as the frequency is swept,

a calibration curve representing the - 25 dB level is shown superimposed in

Fig. 410. The spikes on the calibration curve are due to frequency markers.
Since no matching devices were used, the coupling reduction shown in Fig. 4-10
is referenced to the transmission lines connected to the antennas. The re-
duction of the coupling between the two antennas differs from this figure by

the amount of transmission loss or gain due to the different antenna SWR when
the corrugations are present. The correction, amounting to no more than 0.5 dB,

can be calculated on the basis of the information presented in Section 4. 3.
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The coupling was also measured for antenna spacings D of 68. 6 cm and
102.1 cm. The amount of coupling reduction between the two antennas was
calculated from these measurements. The results are presented graphically
in Fig. 4-11. In the same figure the amount of sidelobe reduction obtained
from the radiation patterns is presented for comparison. The coupling reduction is
much greater in the near field than in the far field. In the case of a flat
ground plane the monopole coupling showed far-field behavior, i.e. it followed
Friis formula for monopole spacings greater than 2.5 X\ o When the cor-
rugations are present the effective aperture of the antenna increases greatly
so that far-field behavior is not observed even at an antenna spacing of

10 A, (102.1 cm).
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E: Coupling reduction. Monopoles A and C D=22.9 cm
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RADIATION FROM MICROWAVE ANTENNAS WITH REACTIVE
LOADING OF THE GROUND PLANE

5.1 Introduction

This chapter contains the results of an experimental study on the effect of
reactive loading of the ground plane on the radiation properties of different types
of flush mounted microwave antennas. Some of the most common types of an-
tennas used in aerospace vehicles were studied including the rectangular slot,
the thin slot, the sectoral horns, the pyramidal horn and the Archimedean spiral.
These antennas exhibit a wide variety of radiation patterns. Their gain along the
ground plane varies from maximum (slot, E-plane) to very small (horns) to
theoretically zero (spiral). The properties of these antennas that were inves-
tigated comprise radiation patterns, input impedance, voltage standing wave
ratio and coupling between two similar, adjacent antennas. Both large and
small ground planes were used in the measurements of radiation patterns. For
all coupling and most impedance measurements the antennas were mounted on
the 12 ft. square ground plane, near its center, facing the anechoic chamber.
Different areas of the ground plane were modified by means of surface reactive
loading, including the case of 'isolated loading" as defined in Chapter I. The
desired capacitive surface reactance was created by cutting corrugations in the
form of circumferential trenches of appropriate dimensions (see Section 4. 2. 1).
Corrugations with parallel and non-parallel walls were considered.

Different sets of corrugated disks were designed, constructed and used at
S, X and Ku bands of frequencies. These corrugated disks were so designed
that different antennas could be placed at the center of a disk while the disks
themselves could be fastened on a larger metal ground plane with the corrugations
flush with the surrounding flat surface.

5.2 Broadband Slot with Isolated Reactive Loading

5.2.1. Loading with a Single Trench

The type of antenna examined here is the open ended waveguide. Such slot

antennas are often found flush mounted in close proximity. In such cases the
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low directivity. that characterizes this type of antenna gives rise to a strong
interference which is due to the main lobe of the radiation pattern and not just
weak sidelobes.

The capacitive surface impedance on the ground plane was created by means
of a single circumferential trench surrounding the aperture of the slot (Fig. 5-1).
The small disk shown here could be mounted in the larger ground plane., This
antenna was designed for operation at X-band, i.e. 8.2 to 12. 4 GHz. As shown,
the width of the trench was very small compared to both the depth and the free
space wavelength so that higher order modes inside the trench would be quickly
attenuated. The trench depth was equal to one quarter of a free space wavelength
at 8.0 GHz. Two slot antennas of a transmitter-receiver system were similarly
surrounded by trenches and mounted on the large grounci plane, at a center-to-
center spacing of 11. 4 cm, so that their respective E-planes would be aligned.
The coupling was measured and compared with that in the case of the two slots
in the same geometry but without the trenches. It was observed that with the
trenches the coupling was reduced by 9 dB at 8.2 GHz tapering to 4 dB at 10 GHz.
In the case where only one of the two slots was surrounded by a trench it was
found that the coupling reduction was not dependent upon whether the trench was
around the transmitting or receiving antenna. In either case the coupling re-
duction was equal to half of that observed when both antennas were surrounded
by trenches.

In order to examine the behavior of this type of reactive loading at lower
frequencies, the trench depths of the transmitter and receiver were modified
so that they would be equal to a quarter wavelength at 10. 0 GHz and 9.2 GHz
respectively. This was realized by the addition of two copper rings which were
covered with silver paint. The dimensions of the trenches were then as follows;

depth = di= 0.75 cm (transmitting slot)

dp = 0.82 cm (receiving slot)

width = w = 0.16 cm (1/16 in.) .
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The E-plane coupling versus frequency for this case is shown in Fig. 5-2.
In the same figure the coupling of two slots without a surrounding trench is
given as a reference. Also the coupling reduction when only the transmitting
slot is surrounded by a trench (depth 0.75 cm) is given. In this case the trench
depth is equal to one quarter of the free space wavelength at 10.0 GHz. The
coupling reduction then is greatest at 9.4 GHz where the depth is equal to 0. 235A.

Two antenna apertures may occur in any number of different positions
with respect to each other. The level of coupling varies greatly depending upon
antenna orientation even though the center-to-center distance of the two apertures
is constant (Lyon et al, 1966). The coupling variation can be measured by leaving
one antenna in a fixed position and rotating the other about its axis. The two most
representative geometries are shown in Fig. 5-3. Here the term "E-plane coupling"
means that the respective positions of the two antennas are such that the center
of the rotating antenna is in the E-plane of the stationary antenna. A similar
definition holds for the H-plane coupling.

Patterns of coupling variation with one antenna in a fixed position and the
other rotating were measured for the two slots surrounded by trenches and are
presented in Fig. 5-4. In the same figure the corresponding coupling variation
without the surrounding trenches is shown for comparison. As shown, the amount
of coupling reduction in the E-plane coupling is practically constant, i.e. independent
of the relative orientation of one slot with respect to the other.

The coupling increase or decrease shown in Fig. 5-2 is due to corresponding
changes in the antenna radiation patterns. Such patterns were measured at
several frequencies and two representative patterns are shown in Figs. 5-5 and
5-6. The trench with d=0.75 cm was used for these patterns. The two frequencies
shown were selected so that one corresponds to d <\,/4 and the other to d > 2,/4 .
The corresponding patterns for a slot in a flat ground plane are shown for gain

comparison.
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These radiation patterns were measured with the test antenna mounted at
the center of the 12 ft. square ground plane. A small E-sectoral horn with aper-
ture size 2.85 cm by 2.3 cm and gain between 8 and 10 dB across the range of
test frequencies was used as a pick-up antenna. This horn was mounted on booms
and moved along a circumference at a distance of 1. 80 m from the test antenna .
The booms were covered with hairflex absorber to reduce reflections. When the
_ two antennas were interchanged the power level of the transmitter and all gain
controls were held constant so that the recorded patterns give an aécurate picture of
the relative gains of the slot with and without the surrounding trench.

As shown, the presence of the circumferential trench changes drastically
the radiation pattern of the slot, more so in the E-plane. At 8.23 GHz the trench
offers an inductive surface reactance which results in reduced radiation in the
broadside direction and increased radiation along the ground plane. The opposite
results are obtained at 10. 03 GHz where the trench presenté a capacitive surface
reactance. Thus, the reduction of the main lobe along the ground plane and the
associated coupling reduction to any adjacent antenna is accompanied by an increase
in antenna gain (2.5 dB) and directivity.

5. 2. 2 Loading with Four Trenches

In order to obtain greater coupling reduction another antenna was constructed
with an X-band waveguide-fed slot surrounded by four circumferential trenches
(see Fig. 5-7). The trenches were spaced radially by 0.8 cm, with the one closest
to the slot aperture having a radius of 1.9 cm. Each trench had a depth of 0.914 cm,
corresponding to A / 4 at 8.2 GHz, and a width of 0.17 cm. This antenna was
mounted flush in the 12 ft. square aluminum ground plane.

The radiation patterns of this antenna were measured at several frequencies
using the set-up described earlier. Typical radiation patterns measured at 8.23 GHz
are shown in Fig, 5-8. At this frequency the radiation along the ground plane is
reduced by more than 10 dB in the antenna E-plane while the antenna gain is in-
creased by 3.5 dB. This is reflected in the reduction of E-plane coupling between
two slots at a center-to-center spacing of 11.4 cm as shown in Fig. 5-9. The

decoupling , however, is gradually reduced at higher frequencies due to the reduced
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surface reactance presented by the trenches. The H-plane coupling was little
affected by the presence of the trenches. A modest decoupling of the order of
1 to 2 dB was measured across the same frequency range.

The coupling was measured by using a sweep generator and sweeping the
frequency across the entire X-band. The spikes seen along the two coupling
curves are due to frequency markers. When using a sweep generator with in-
ternal leveling, as was done in this case, the power level at the transmitting
antenna varies within certain limits. Therefore, a calibration curve representing
the -20 dB level is presented, superimposed in Fig. 5-9. The calibration curve
was obtained by mating the waveguide flanges connected to the two antennas, thus
creating a direct link between transmitter and receiver, and simultaneously in-
serting a 20 dB attenuation in the link through a precision attenuator.

The antenna maximum gain was also measured in the frequency range 8 to
12. 4 GHz by sweeping the frequency and was compared to the gain of a similar
slot without the reactive loading. It was found that the reactive loading increased
the antenna gain throughout this frequency range, with the increase tapering
gradually from a maximum of 3.5 dB at 8.2 GHz to a minimum of 0.3 dB at 12.4
GHz,

5.3 Broadband Slot with Continuous Reactive Loading

5.3.1 Parallel Wall Corrugations

The reactive loading of the ground plane around the antenna aperture with one
or more isolated circumferential slots gave good results but a relatively modest
amount of decoupling. In order to obtain greater coupling reduction, continuous
reactive loading was used by modifying the area around the antenna aperture. The
modified area was in the shape of an annulus starting very near the antenna and
extending out to a radius of one to two free space wavelengths.

Two sets of corrugations with parallel walls and constant depth were con-
structed with the first stop bands in the S- and X-frequency bands. The dimensions

of the trenches of the corrugations designed for S-band have already been given
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(see Section 4.2.2). When used with an S-band slot antenna these corrugations ex-
tend from an inner radius of 4. 76 cm out to a radius of 16.32 cm. So the radial
extent of the corrugated area is approximately equal to 1.3 )Lo at 3.4 GHz. These
corrugations are shown in Fig. 5-10 with a broadband, waveguide-fed slot mounted
at the center. Subsequently they will be referred to as '"corrugations S'" .

The dimensions of the set of corrugations designed for use at X-band were
as follows (all symbols as defined in Section 4. 2. 1);

d=. 84cm, w=,165cm, s =,185 cm,

The corrugated area, in the form of an annulus, extended from an inner radius of
1. 58 cm out to a radius of 4.32 cm for a radial extent of 0.9 A, at 10 GHz. The
cut-off frequency for the first pass band is found from Eq. (4. 4) to be 8.2 GHz.
These corrugations were made by cutting strips of shim stock 0. 84 cm wide and
soft soldering them to the bottom of a cylindrical cavity cut from a piece of brass
(see Fig.5-11). Subsequently they will be referred to as "corrugations R-1" .

5.3.1a. Operation at S-band (2.6 to 4. 0 GHz), When ''corrugations S"

were placed around an S-band slot (aperture dimensions 7.21 cm by 3. 40 cm)

it was found that the E-plane coupling to an adjacent slot was reduced from a
maximum value of -27 dB to -41 dB over almost the entire S-band (see Fig. 5-12),
Calibration curves obtained by the procedure described earlier are shown together
with the coupling curves. The center-to-center spacing of the two slots was 2.5 )\0
in the middle of the frequency range considered (3.3 GHz). The experiment also
shows that the stop band starts at 2. 81 GHz which is 2. 1 percent from the cal-
culated value. When the slots are oriented for weak coupling (H-planes colinear)
the radiation pattern of each slot exhibits a null in the direction of the other slot
and therefore the corrugations cannot be as effective. However, this is not a
serious problem since the H-plane coupling level is much lower than the E-plane
coupling., In this case the maximum H-plane coupling was reduced from -49 dB

to -52 dB when the corrugations were added. In the case of H-plane coupling the
stop band starts at 2. 73 GHz which is within the limits of measurement error

from the calculated value. This agreement with the theoretical result is remarkable
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since the actual geometry deviates from that assumed to derive Eq. (4. 4) in two
respects: a) the structure is hot periodic since it extends for only one wavelength
rather than continuing to infinity and, b) instead of parallel wall corrugations, one
has circumferential corrugations which, strictly speaking, is not a two-dimensional
problem,

It has been thought to be of interest to investigate the effect on decoupling
of the trenches individually. For this purpose the area of the ground plane sur-
face represented by the corrugations was covered by aluminum foil and the coupling
between the two slots measured by sweeping the frequency. The innermost trench
was then uncovered and the coupling measured again. The uncovering of subsequent
trenches continued until they were all exposed. The results are shown in Fig. 5-13.
In this figure the parameter indicates the number of uncovered trenches. The
lowest curve in Fig. 5-13 is identical with that of Fig. 5-12. By examining the
effect of the individual trenches above the cut-off frequency it is seen that beyond
the ninth trench, which is situated at a distance of 1,25 X, (3.0 GHz) from the
center of the slot, the additional decoupling created by more trenches is uniform.
Thus, greater coupling reduction can be achieved by extending the corrugated area
further. If the corrugations were extended to infinity the radiation along the
ground plane would be reduced to zero exactly as in the case of the monopole.

The effect of the corrugations has been qualitatively explained as trapping
the power carried by a surface wave along the ground plane and radiating it in the
broadside direction. This means that the sidelobe decrease should be accompanied
by an antenna gain increase. This was observed experimentally by mounting the
slot on a small metal disk (diameter 33, 3 cm) and recording the radiation patterns
in the two main planes (see Fig. 5-14). A plain and a corrugated disk of the same
overall diameter were interchanged and the two radiation patterns were superimposed
for comparison. At 3.0 GHz the corrugations cause an E-plane sidelobe reduction
of 12 dB accompanied by a 3 dB gain increase, By orienting the slot for maximum
gain and sweeping the frequency (Fig. 5-15) it was demonstrated that the gain in-

crease varies between 1.5 dB to 5.0 dB between 2. 6 and 4. 0 GHz.
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The above radiation patterns were obtained with the test antenna located inside
the 50 ft. anechoic chamber at a distance of approximately 30 ft. from the large
aluminum ground plane. The latter was covered with hairflex absorber pads ex-
cept for an opening at a center for a standard gain horn to illuminate the test an-
tenna. The antenna under test was supported by a rotating pedestal and was used
as a receiver. The directivity of the standard gain horn used in these measure-
ments varied from 17. 0 to 19, 7 dB in the range of frequencies from 2. 6 to 4. 0 GHz.

When the slot is mounted in the large ground plane (as for the coupling mea-
surements) its radiation pattern is different from that measured in free space. The
difference is small near the broadside and larger near the plane of the aperture.

At the plane of the aperture the field intensity is doubled when an infinite ground
plane is present, i.e. the level of radiated power is higher by 6 dB (Stratton and
Chu 1939, Meixner 1956).

When two antennas are in the far field of each other, the mutual coupling can
be predicted from their radiation patterns by the Friis transmission formula. In
the case of two slots in a large, flat ground plane far field coupling behavior has
been observed even at spacings of 2.5 Ay (Lyon et al, 1966), With the addition of
the corrugations this is not true any more since the effective antenna aperture is
markedly increased and so is the minimum distance for far field behavior. A com-
parison of the coupling reduction, A C, measured in the near field (antenna center-
to-center spacing 22. 8 cm) with that which should be expected in the far field is
presented in Table V-1, The data for this table were taken from Figs. 5-12 and
5-14. It is interesting to note that the corrugations as used here offer the greater
decoupling where it is needed most, i.e. in the near field where the coupling is
the strongest and the interference problem more acute.

TABLE V-1;: COUPLING REDUCTION WITH CORRUGATIONS S.
Frequency , GHz 3.0 3.5 4.0

AC, Near Field, dB 16.0 13.5 10.5
AC, Far Field, dB 12.5 10.0 7.0
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The slot standing wave ratio and input impedance were measured with the an-
tenna mounted in the 12 ft. square aluminum ground plane. Two sets of readings
were taken, one with a flat ground plane and one with the corrugations surrounding
the slot. In the experimental set-up the waveguide feeding the slot was connected
to a waveguide slotted section having a residual standing wave ratio less than 1. 01.
A broadband crystal detector was used with the slotted section. Between the slotted
section and the waveguide to coaxial adapter, where the source output was fed, a
waveguide attenuator was inserted to minimize any reflections frdm the adapter.
This attenuator, having an SWR less than 1. 15, was set between 10 and 20 dB. A
flat plate was placed at the waveguide aperture to create a short characterized by
an SWR greater than 20 dB.

The variation of the slot SWR with and without the corrugations is shown in
Fig.5-16. The presence of the corrugations does not increase the maximum SWR
of the slot in the frequency range of operation. The resistance and reactance of the

slot in the two cases are shown in Fig. 5-17. These values are normalized with

1.8}
Flat Ground Plane
1.6 F
SWR
1.4}
With Corrugations S
1.2}
1.0 A 1 A A ' 1 (] (| il l L 1 Il 1 l
2.5 3.0 3.5 4.0

Frequency, GHz
FIG. 5-16; STANDING WAVE RATIO OF SLOT ANTENNA.,
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1.2 With Corrugations S
1.1+
R
Z
° 1.0}
0.9+ lat Ground Plane
i L 4 [} I 1 1 1 I l 1 | 1 1 |
2.6 3.0 3.0 4.0
Frequency, GHz
(a) Resistance
_.2 L
With Corrugations S
_.3 =
X
Zo -4}
-.or Flat Ground Plane
) L ) ) i | | \ 4 . |
2.6 3.0 3.5 4.0

Frequency, GHz
(b) Reactance

FIG.5-17: APERTURE IMPEDANCE OF WAVEGUIDE
TERMINATED IN INFINITE GROUND PLANE.
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respect to the waveguide characteristic impedance Z,. When the waveguide

operates in TE;j mode Z is given by

X
Zo = 5 377 - E' £ (ohms), (5.1)
(0)

where a and b are the width and height of the waveguide, respectively, )\0 is

the free space wavelength, and )\g is the wavelength in the rectangular waveguide.
This value of characteristic impedance is obtained by taking the ratio of the voltage
between the top and bottom surfaces of the guide to the current flowing in the walls
of the guide. The results for the case of flat ground plane are in general agreement
with previously published data (Radio Research Laboratory, 1947).

The slot impedance was also measured when the waveguide was terminated in a
disk flange of 33. 3 cm diameter instead of the 12 ft. square ground plane. Two
cases were considered, flat disk and disk with corrugations. In either case the
measured values were very close to the values obtained in the respective cases
employing the large ground plane, therefore, those results are omitted .

5.3.1b. Operation at X-band (8.2 to 12. 4 GHz) and Ku Band (12. 4 to 18. 0 GHz).

The scaling of the dimensions of an antenna so that it can operate at different fre-
quencies generally does not present any new problems and once a model has been
studied the results apply equally well to all antennas created by scaling the first
model. Therefore the building and testing of a second model would not seem to
provide much new information. The above notwithstanding, the corrugations
designed for operation at X-band frequencies were tested and the more important
results are presented below mainly for two reasons. First, the coupling has been
measured over a frequency range of 2:1, a measurement which was not performed
with corrugations S due to non-availability of the necessary equipment. Since in
some applications it is of interest to obtain increased isolation between two systems
operating over frequency ranges of 2; 1 this additional information is important.
Secondly, due to the smaller wavelength at X-band it has been possible to measure
radiation patterns when the antenna was mounted on the large (for practical purposes,
infinite) ground plane and compare them with the radiation patterns of the same an-

tenna in free space. The antenna used for these measurements was a rectangular
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slot of dimensions 2,3 cm by 1.0 cm fed by a waveguide.

When corrugations R-1 were placed around the slot antenna, the E-plane
coupling to an adjacent identical slot, spaced 11.4 cm, was reduced by 10 dB
over a 30 percent bandwidth, as shown in Fig. 5-18(a). The measurements were
extended to the next higher waveguide band by using the same slots fed by the X-
band waveguide with tapered transitions to the Ku-band waveguide, Figure 5-18(b)
shows the measured coupling in this case. It should be recalled that in reading
the coupling from Fig. 5-18 at any frequency, the distance along the ordinate from
the calibration curve should be measured and then read using the scale of ordinates
to the left. Note also that the scales of ordinates in Figs. 5-18(a) and (b) are not
the same. The maximum coupling reduction was observed at 8.2 GHz as pre-
dicted by Eq. (4.4). Corrugations R-1 were not exactly symmetrical and this was
reflected in the coupling measurements. Different orientations of the corrugations
with respect to the two slots resulted in slightly different coupling curves.

The effect of the corrugations on the radiation pattern of the slot in a large
ground plane is shown in Fig., 5-19, In this case the slot and corrugated disk
were mounted flush in the 12 ft. square ground plane. A swept-frequency measure-
ment of the maximum gain (broadside to the ground plane) shows that the reactive
loading of the ground plane increases the gain of the slot over the entire X-band
(see Fig. 5-20y. The gain figures serve only to indicate the relative gains of the
slot in the two cases and not the absolute gain. The gain shown depends upon the
changing frequency and the gain versus frequency characteristic of the pick-up
antenna.

Since a slot antenna may be used on vehicles of considerably smaller dimen-
sions and since the size of the ground plane does affect the pattern significantly,
the radiation patterns of the slot surrounded by corrugations were also measured
in a free space environment, For this test the antenna was used exactly as shown
in Fig. 5-11 except that the mounting screw holes were covered with aluminum
foil. For a control case the slot was used with a flat disk flange of the same
overall diameter as the disk with the corrugations (11. 1)cm, The radiation pat-

terns were measured with a standard gain horn and are shown in Fig. 5-21.
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Two curves are presented superimposed in each case representing the radiation
pattern of a plain slot and of the slot surrounded by corrugations. In each
case the transmitter and receiver gains were left constant so that these figures
also provide information about the effect of the corrugations on the antenna gain.
The undulations present in the patterns of the plain slot are well known and have
been explained by assuming additional radiation sources at the edges of the sheet.
It is interesting to note that the corrugations virtually eliminate these undulations
by preventing the propagation of a surface wave and thus reducing the diffraction
from the ground plane edges.

The coupling measurements reported thus far have demonstrated the effective-
ness of the corrugations creating a capacitive surface reactance in reducing coupling
over a continuous frequency range exceeding a 2: 1 bandwidth. However, this is
not the ultimate frequency limit. A corrugated structure has an infinite number
of stop bands interlaced with pass bands. Regarding the corrugations designed
for S-band the second stop band occurs at nearly the third harmonic frequencies
of the first stop band which in this case would be X-band.

An X-band slot surrounded by a small flat disk was placed at the center of
the S-band corrugations. Then the coupling to a second slot on the same ground
plane was measured when the corrugations S were covered by aluminum foil
and when they were uncovered. The results are shown in Fig. 5-22 (second and
fourth curves from the top, respectively). It is seen that the stop band starts
at 8.34 GHz which is again within measurement error from the theoretically com-
puted value of 8.31 GHz. Then the disk between the slot and corrugations S was
replaced by corrugations R-1, Again two measurements were made with the cor-
rugations S covered and uncovered. The results are shown in Fig. 5-22 (third and
fifth curves from the top, respectively). The maximum E-plane coupling over

almost all of the X-band has been reduced from -35.5 dB to -50. 5 dB.
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In conclusion it is seen that the corrugations are inherently effective also
in reducing coupling at the third harmonic frequencies of the original design fre-
quency range. This is an important feature because of the third harmonic content
in the output of microwave oscillators in particular and in the radiation of various
antennas in general. Due to this phenomenon several interference problems have
been reported between antennas operating at different frequencies .

The inherent frequency dependence of the surface reactance created by a cor-
rugated structure could be avoided by filling the trenches with materials exhibiting
a desired variation of their characteristics with frequency. It is easy to calculate
the desired dependence of the permittivity and permeability of a material upon fre-
quency, so that corrugations would have a constant depth in terms of wavelengths.
Consider for example, a piece of rectangular waveguide, of width a, terminated
by a short. If the waveguide is filled with a material of relative permittivity €,

and permeability u,, the wavelength inside the guide will be given by

Ae= ° (5.2)

g 3
'/fz,urer—(c / 2a)2

where c is the speed of light. In order to have a constant )tg as the frequency, f,

is varied, it is necessary and sufficient that
f2u €, = constant . (5.3)

Materials with such properties can be manufactured but they are inherently lossy.
A lossy material is not desirable because the attenuation of the waves inside the

corrugations greatly reduces their action.

5. 3.2 Tapered Wall Corrugations

It has been thought to be of interest to investigate the properties of a different
type of currugated surface, with tapered width trenches. One motive in this in-
vestigation is that circular trenches of this profile can be easily machined in con-

trast to the parallel wall trenches.
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A derivation of the surface impedance created by the corrugations with tapered
trenches is presented in Appendix B. The results of this analysis show that the
tapering of the trench walls restricts somewhat the frequency range over which
the corrugations offer a capacitive surface impedance. Even then, the tapered
wall corrugations are effective in reducing coupling over at least one waveguide
band of frequencies. What is gained in exchange for the smaller bandwidth is an
easily milled profile which also allows the wall width at the top of the trenches
to become practically zero which, as mentioned earlier (Ch. IV), increases the
amount of coupling reduction.

Three sets of circumferential corrugations with different cut-off frequencies
and profiles were manufactured and tested. Each set had six trenches; their
dimensions are given below in Table V-2 (all symbols as defined in Section 4. 2.1
and Appendix B). The reactance annulus created by these structures extended
radially from 1.49 cm to 4. 49 cm. Each of these sets was machined from a solid
piece of brass,

TABLE V-2: DIMENSIONS OF TAPERED CORRUGATIONS (cm),
Tolerance of ry, rj = 1 0.03 cm.

Set ry, . 8 t

R4 0.25 0.97 0.50 <0.01
R5 0. 05 0.98 0.50 <0.01
R6 0.36 1.36 0.50 <0.01

For the coupling measurements these sets of corrugations were placed exactly
as the previously described corrugations R-1. The E-plane coupling with and
without corrugations around one slot is shown in Figs. 5-23 and 5-24 for two
of the above described sets. The reductions in E-plane coupling obtained over a
1.5: 1 frequency range with each of the sets R-4, R-5 and R-6 are 11dB, 12dB and
11dB respectively. These figures are nearly the same with the coupling reduction
obtained with the parallel wall corrugations R-1. Only corrugations R-6 were
measured over a 2:1 bandwidth and there the maximum coupling was reduced by
8dB which is approximately 2dB less than the respective figure obtained with

corrugations R-1.
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Typical radiation patterns for a slot surrounded by tapered-trench corrugations
in a 60 cm by 90 cm (2'x3'") rectangular ground plane are shown in Fig. 5-25.

This figure shows that the sidelobe decrease is accompanied by a considerable in-
crease in antenna gain. This was examined in more detail, in a swept frequency
measurement of maximum gain. The reactive loading increases the antenna gain by
as much as 5 dB at some frequencies.

A comparison of the frequencies where the top band starts in each of the three
models, between the experimental data and the theoretical derivation of Appendix B,
shows that the theoretically predicted values are always too high by 3 to 5 percent.
The agreement is very good considering that the analysis was based on a two-
dimensional model with infinitely thin walls at the top. The good agreement is due
to the fact that all three experimental models had very thin walls at the top. In
the case where the trenches are separated by thick walls the more accurate analysis
using space harmonics should be used.

The coupling reduction data presented so far were obtained by applying a
given modification to one antenna only of a receiver-transmitter pair. It has been
stated that twice as much coupling reduction (in dB) would be obtained if both an-
tennas were similarly modified. A justification of this statement is provided by
the following experiment. Two slot antennas at a center-to-center spacing of
22.8 cm (7. 6\ at 10 GHz) were each surrounded by corrugations. The corrugated
disks R-1 and R-6 were used. The coupling reduction obtained when each set of
corrugations was used alone and when they were used simultaneously is shown in
Fig. 5-26. From this figure it can be verified that the total coupling reduction
is equal to the sum of the coupling reductions obtained by each method individually
(when all quantities are expressed in dB). See also Fig. 5-22.

5.4 Thin Slot

Thin slots are used in many applications, operating over a narrow band of
frequencies. The thin slot is the complimentary antenna of the half-wave dipole.
Therefore, it is a low directivity antenna. A slot cut in a large metal sheet and

fed by a waveguide or backed by a cavity so that all the radiation is confined to one
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-35 dB level (Calibration)
— T —— s — v ——
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a. Two plain slots
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d. Combination of b and ¢
-60 F
-65 I
A A ' A
8 9 10 11 12

Frequency (GHz)

FIG. 5-26: REDUCTION OF E-PLANE COUPLING OF TWO SLOTS SPACED
22.8 CM BY MEANS OF CORRUGATIONS.
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side of the sheet, has a directivity of approximately 2 dB above a semi-isotropic
radiator (5 dB above isotropic). The use of capacitive reactive loading in the
ground plane increases the maximum gain of this antenna by more than 3 dB while
at the same time decreases the gain along the ground plane by 10 dB. Thus a slot
with ground plane loading can produce a radiation pattern similar to that of a small
horn, This may be useful in aerospace applications where it is required that the
antenna have a minimum penetration below the surface and therefqre the use of

a horn is unacceptable.

For the radiation patterns shown in Fig. 5-27, a thin slot of dimensions 2. 29
cm by 0.15 cm was mounted in a 12 ft. square ground plane. The slot was fed by
an X-band waveguide with tapered walls in the E-plane. Corrugations R-1 were used
to create the capacitive surface impedance. The radiation patterns were taken with
é. probe describing a circumference of radius 1.75 m. A leveled sweep generator
was used as a source for all patterns. Because of the high standing wave ratio in
the feeding waveguide created by the tapered walls, a tuner was used at every fre-
quency and before the recording of each curve the SWR in the transmission line
was reduced to less than 1.2, A very minor tuning was necessary when changing
from the flat ground plane to the corrugations, in order to achieve maximum radiated
power,

The reduction of the (absolute) gain of the slot at higher frequencies was ex-
pected since the slot operated further away from the resonance. The decrease in
the amount of sidelobe reduction is due to the fact that the corrugations also operate
further away from the design cut-off frequency (cf. with Fig.5-18). It is interesting
to note the split beam appearing at 12 GHz. When the same corrugations were used
with a broadband slot no such beam splitting was observed (see Fig. 5-19). The
reason for the difference is that when the thin slot was used the distance between
the edge of the slot and the beginning of the corrugations, measured along the
E-plane, was greater than 2o / 2 at 12 GHz. To be exact, this distance (1.5cm) is
equal to 0.55 A, at 11.0 GHz (where no pattern splitting occurs) and to 0. 60 Ao at

12 GHz (split beam), This then, provides an experimental estimate of how close
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to the aperture the loading should be in order to avoid splitting of the beam. The
more general conclusion is that the reactive loading of the ground plane cannot be
considered per se as a method of coupling reduction in a system of two or more
ant ennas, but rather it should be considered in conjunction with an antenna as a
means of modification of the properties thereof. Naturally, in order to have maxi-

mum effect it is desirable that the loading be adjacent to the antenna aperture.

5.5 E-Sectoral Horn

The radiation pattern of the E-plane sectoral horn has nulls in the H-plane ,
as does that of the slot, and very low sidelobes inthe E-plane. Therefore the coupling
level between two such horns even when aligned with their E-planes collinear is
much smaller than the coupling of two slots. Three additional parameters are neces-
sary in order to determine the coupling of two horns; the dimensions of the aperture
and the flare angle. The two identical E-sectoral horns that were used for the
measurements described below had aperture dimensions 3.9 cm by 2.3 cm and a
flare angle of 20°. They were fed from the X-band waveguide. The reactive loading
was accomplished by placing the corrugated disk S around the horn aperture. These
corrugations were designed for use at S-band, however, as it has already been stated,
they are also effective at X-band. Due to the smaller wavelength, at X-band the
corrugated surface has about 3 trenches per wavelength. The corrugated disk was
mounted flush with the surrounding flat area of the ground plane.

The decoupling accomplished with reactive loading around one antenna aperture
only is shown in Fig. 5-28. The maximum coupling, over the X-band, was reduced
by 9 dB. In this case the antenna center-to-center spacing was on the average 7.5
wavelengths (22. 8 cm). Radiation patterns were recorded with the transmitting an-
tenna in the same configuration except that the receiving horn aperture was covered,
to form a smooth flat surface around the area with the corrugations. The maximum
sidelobe reduction of the order of 20 dB, was observed at 8, 64 GHz, The E-plane
radiation pattern for this frequency is shown in Fig. 5-29. E-plane radiation pat-
terns are also presented for two more frequencies (Figure 5-30a and b), The
corresponding H-plane patterns are not shown because they did not show any ap-

preciable change. A special fixture allowing the pick-up antenna to come as close
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as 0.5° from the ground plane was used for these radiation patterns. Because of
this fixture the pick-up antenna travel in the other direction near the ground
plane was limited to about 75° and so the patterns may appear as being asym-
metrical. Actually only a redundant portion of the patterns has been omitted.

The sidelobe reduction was accompanied by a very small (less than or equal
to 0.6dB) broadside gain increase in contrast to the substantial gain increase
which was observed when low directivity antennas were used (cf. with Sect. 5. 3).
This is partly due to the fact that in an antenna with medium to high gain in the
broadside direction, only a small amount of energy is radiated along the ground
plane, By redirecting this energy towards the broadside a small term is added to a
large term and therefore only a small change results. Another reason, applicable
to the particular case examined here, is that for the experiments of this section,
components that were readily available were used. Although the combination gave
good results, it did not represent an optimum overall design, the main deficiency
being that the distance between the E-plane horn aperture edge and the corrugated
area was 3.8 cm, i,e. more than one wavelength, It has been seen (Fig. 5-13) that
the closer the loading to the antenna aperture, the more effective it is and that for
a distance between aperture and loading area greater than Ao / 2, splitting of the
beam occurs. Such a beam splitting action appears in the sidelobe shape of the E-
plane radiation patterns at 10 and 12 GHz. Higher broadside gain, lower sidelobes
and greater coupling reduction than that demonstrated in this section, can be ob-
tained by reactively loading the area in the immediate vicinity of the horn aperture.

Measurements of the standing wave ratio of the sectoral horn with and without

the circumferential corrugations showed a very small change.

5.6 Pyramidal Horn

The pyramidal horn is another example of a flush mounted antenna charac-
terized by medium to high directivity aﬁd low sidelobes. Depending upon the aper-
ture dimensions and flare angles, the variation of coupling with frequency may
take different forms. The two identical horns used for the coupling measurements

had a flare angle of 21° in both the E- and H-plane and aperture dimensions
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6.0 cm (H-plane) by 4.8 cm. Their gain at 9 GHz was 12 dB. The two horns

were flush mounted in the 12 ft. square ground plane at a center-to-center spacing
of 22. 8 cm, i.e. in the near field of each other. The set of corrugations S was
used around the aperture of one of the two horns. The distance from the edge of
the horn aperture to the beginning of the corrugated area measured in the E-

plane was 3. 33 cm,

The swept frequency coupling measurement (Fig, 5-31) shows that the maxi-
mum coupling over the X-band is reduced from -41dB to -54 dB. The system
coupling reduction of 13 dB would be twice as much if similar loading was em-
ployed around both apertures. The maximum gain is slightly higher at some fre-
quencies, with the surface loading (see Fig, 5-32), The sidelobe levels of the
horn with and without the surface loading are shown in the same figure. The side-
lobe levels were recorded at an angle of 89, 50 from the broadside direction with
an 8 dB gain E-sectoral horn used as a pick-up antenna, With the reactive loading
of the ground plane the sidelobe level shows a null at 8, 32 GHz as predicted by
Eq. (4.4). (It should be noted that in Fig.5-32 the curves showing maximum gain
have been printed 5 dB lower with respect to the curves showing the sidelobe level
for figure compactness. This is reflected in the scale of the axis of ordinates.)
The reduction in the sidelobe level represents the reduction in antenna coupling
that should be expected if the two antennas were in the far field of each other, A
comparison of the near field coupling reduction with that expected in the far field
shows that greater reduction is achieved in the near field exactly as in the case of
monopoles where the phenomenon was studied in more detail.

Radiation patterns for the E-plane at 9 and 10 GHz are shown in Fig. 5-33a
and 5-33b . The reactive loading did not affect the H-plane patterns by more
than 0.5 dB at the most and therefore their presentation is not justified. The com-
ments that were made for the radiation patterns of the E-sectoral horn apply here

as well .
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5.7 Archimedean Spiral

The Archimedean spiral provides a practical way of producing circularly
polarized radiation over a wide band of frequencies and so it differs from the
antennas examined thus far which produce linearly polarized radiation. It is
usually mounted flush in a conducting ground plane and backed by a cavity. It
may be wound either clockwise or counterclockwise depending on the sense of
circular polarization desired. Spiral antennas are usually fed out of phase in
order to achieve maximum radiation in the axial direction (axial niode). A balun
is used to provide a balanced feed.

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

Two similar Archimedean spirals made by Aero Geo Astro Corporation (Model
AGA-100-3-2) for the frequency range 2 to 4 GHz were used for the measurement
of coupling. Each spiral had 13 turns with conductor width 0. 15 cm, spacing of
adjacent turns 0. 15 cm, a strip-line Roberts type balun and was backed by a cavity
of 10 cm diameter. The two spirals were mounted in a large(12'x12") ground plane
at a center-to-center spacing of 22.8 cm (2.5 at 3.3 GHz). The coupling measure-
ments were made by a swept frequency technique. Due to this no matching de-
vices were used between the transmission line and the antennas. A spot check,
however, indicated that the use of matching devices results in no more than 1 dB
difference in the coupling level. However the defects of the feeds to the spiral are

emphasized in swept frequency methods.
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For the coupling measurements the two spirals were positioned in three dif-
ferent ways as shown in Fig,5-34. In this figure the positions of the spirals are
determined from the relative orientation of the feed terminals. One of the spiral
antennas was surrounded by circumferential corrugations S and then the coupling
was measured with the corrugations covered and then uncovered. Similar coupling
curves were obtained for the three different combinations of orientations of the
feed terminals. The coupling corresponding to two different pos itions is shown in
Fig.5-35. For any given frequency the coupling depends upon the relative orien-
tation of the two spirals. However, the swept frequency coupling patterns taken
for different orientations exhibit the same general characteristics except that the
peaks and troughs occur at different frequencies. The corrugations accomplished
a moderate coupling reduction of 6 dB in the frequency range 2.8 to 4.0 GHz,

The effects of the corrugations on the spiral radiation pattern at different fre-
quencies are shown in Fig,5-36, These patterns were obtained by illuminating
the spiral with a linearly polarized standard gain horn. The polarization was
chosen so that the E-field vector would be perpendicular to the ground plane at
6=90°. The patterns are shown for two different orientations of the spiral; one where
the (imaginary) line determined by the two feed points is parallel to the E-field and
another where it is perpendicular. A sidelobe decrease of the order of 6 to 11 dB
is observed, accompanied by a gain increase. The gain increase due to the cor-
rugations varies from 1 dB at the low end of the frequency range to 0 dB at the
high end.

The change in antenna SWR when the ground plane is reactively loaded is sum-
marized in Table V-3.

TABLE V-3: SPIRAL STANDING WAVE RATIO

Frequency (GHz) 2.75 3.00 3.25 3.50 3.75 4.00
Flat Ground Plane 1.45 1.33 1.26 1,90 1.79 1.75
With Corrugations 1.60 1,42 1.47 1.31 1,40 1,37
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CONCLUSIONS

Although a great deal of work has been done regarding the propagation of
surface waves above corrugated surfaces and their radiation, very little was
known about the performance of finite extent corrugated surfaces below the sur-
face wave cut-off frequency. The present study without being exhaustive on the

subject has resulted in several original contributions.

1. The use of capacitive surface reactance loading of the ground plane has
been proved successful as a method of reducing the mutual coupling and the an-
tenna sidelobes in a frequency range extending over at least one waveguide band
of frequencies.

2. Expressions were derived for the radiation resistance and directivity of
a short monopole as well as a quarter-wavelength monopole antenna over an in-
finite screen with a capacitive surface reactance. The variation of the direction
of maximum radiation was studied as a function of the surface reactance.

3. The radiation pattern of a short monopole over an infinite screen with an
annulus of capacitive surface impedance was obtained theoretically, This result
was then used to study the optimum position of the annulus for maximum coupling
reduction and maximum antenna gain. The monopole input impedance, near field
coupling and radiation pattern were obtained experimentally. The comparison be-
tween the experimental and theoretical radiation patterns has shown a reasonably
good agreement, the relative difference being less than 10 percent for 30°< 6 < 90°
and X= -1.89. With the use of annular loading (ka# 0) the significant reduction in
antenna radiation resistance, which occurs when ka=0, is avoided. The radiation
resistance must be considerably larger than the ohmic losses in order to have
reasonable antenna efficiency and good matching with the characteristic impedance
of conventional transmission lines.

4. The effect of capacitive surface loading on the radiation pattern, impedance
(or SWR) and near field coupling of various types of slot, horn and spiral antennas
was studied experimentally. It was generally found that the sidelobe reduction is
accompanied by an increase in antenna gain which was more pronounced in the

case of low-gain antennas.
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5. Corrugations with a trapezoidal profile were used. Their surface im-
pedance was theoretically derived assuming that only the dominant TEM mode
propagates inside the trenches.

The position of the loaded area with respect to the antenna was found to be
a very important factor indicating that in any case of ground plane loading the
problem of the antenna with the appropriate boundary condition must be solved.

A model based solely on the attenuation of a wave as it passes over a finite zone

of capacitive reactance may lead to gross inaccuracies as to the predicted coupling
reduction. Indiscriminate positioning of loading could also create significant de-
gradation in the antenna radiation pattern. This has been demonstrated in the pre-
sent study and elsewhere (Lyon, et al, 1968).

The control over the direction of the monopole maximum gain obtained by
surface loading may be useful in certain applications. For example, the command
antenna of the Nimbus Meteorological Satellite is a monopole with the requirement
of maximum gain at 6=58°(Post, 1967). On the basis of the increased directivity
of a slot with capacitive loading, the loading may also be considered as a size
reduction method since instead of using e.g. a horn to obtain a certain directivity,
one may use a thin slot with surface loading. Thus there is a trade-off between
volume and surface.

When the capacitive surface reactance is created by means of corrugations,
the frequency dependence of the reactance imposes a restriction on the bandwidth
over which the method is effective. Maximum coupling reduction is obtained at
the surface wave cut-off frequency. The amount of this reduction gradually de-
creases as the frequency is increased until it becomes nearly zero at the fre-
quency where the depth of the corrugations is equal to Ay / 2. However, this
disadvantage is off set to some extent by the fact that the coupling is also fre-
quency dependent. When the antennas are oriented so that their E-planes coin-
cide, the coupling is reduced at a rate of 6dB per octave of frequency while when
the H-planes coincide the reduction is 12dB per octave - provided that the dis-
tance between the two antennas is greater than two wavelengths. Besides, the
interlacing of stop bands with pass bands which is inherent in the corrugations
extends their usefulness to other frequency ranges roughly corresponding to the

odd-harmonics of the first stop band. An upper limit is imposed since the number
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of corrugations per wavelength should be at least three.

The extension of the theory to ground planes terminating at the outer radius
of the corrugations is straightforward. Instead of using image theory, as was
done in Chapter III, one would have to add the contribution of the surface currents
in region 1 (which is of a simple form) to that of the surface currents in region 2 -
which has already been obtained.

For future work it is suggested that an exact solution be obtained for the
problem posed in Chapter III. An approximate analysis based on the modified
geometrical theory of diffraction (Keller, 1957, 1962) may also be used. The
corresponding canonical problem for this formulation is that of a plane wave
propagating along a plane which at first is perfectly conducting and at some point
changes into a capacitive surface impedance. A more accurate solution based
on the actual configuration of the physical model,rather than the impedance
boundary condition, would be desirable.

Approximate analyses of the radiation properties of aperture antennas with
reactive loading seem to be easier to carry out. Such studies could be based on
a distribution of short electric monopoles or a magnetic line source on the E-
plane edge of the antenna aperture to represent the wave diffracted by the edge.
One would then proceed with an assumed current distribution based on the cor-
responding canonical problem - as was done for the monopole.

A study of the loading with variable impedance may also be of interest.
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APPENDIX A
NUMERICAL COMPUTATIONS

The numerical computations for the radiation patterns presented in Chs. III
and IV were performed on an IBM 360/67 Computer. For an overall check of
the expressions derived in Ch. III and the computer :program, the integrand
of I (Eq. 3. 42) was computed and plotted versus x and then I was obtained by
a graphical integration. Thus, using different limits for the integral both func-
tions §(x) and J(x) were checked.

The useful domain of § (x) and J (x) depends on X as well as x and 6.
Thus a new function (x) was introduced in the main computer program defined

by

d(x)ifx <x or x 8ing < 5
Ax) = i ) (A.1)

¥ (x) +jsing (1-—-92—0’-52-) , otherwise
cos (9+X2

and the functions (ﬁ(x) and J (x) were programmed as subroutines. The domain
of Q(x) has an upper bound x = xq established by the limit in the round-off error
in the infinite series. The domain of § (x) has two low bounds :x8in6=5 and X=Xy
which serve to guarantee the accuracy of the asymptotic expansions for Jl(xsina)
and G(x) respectively. Thus Xmax 18 the minimum of x; and X5 . Whenever
either function could be used { (x) was preferred because it required fewer
computations. Evidently when x; <x9 or x 8inf <5 and x > X neither function
can be used. However, in the wide variety of parameter values that were used
the first condition never occurred while the second occurred only for 6 < 20°
and x > 15 (for X = -1) or x > 8.5 (for X = -2.5). Actually for a given X, X hax
was determined directly by comparing the two expressions for Q (x) at 9=90°,
The relative differences thus obtained were A= . 002 for X--1 and x = 12 and
A=00004 for X = -2.5 and x = 5. For -1 <X <0 only { (x) was used.
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In the subroutine for § (x) the terms of the finite series (eq. 3. 56) were mul-
tiplied by m! and the terms of the infinite series were divided by m! in order to
avoid the presence of very small and very large numbers in the intermediate
computations. The computation of terms of the inner and outer infinite series
stopped when the ratio of the latest term to the partial sum was absolutely less
than 1078 and 10-5 respectively. In the subroutine for ¥ (x) the number n,

(eq. 3. 64) was determined on the basis of the convergence of G(x) (eq. 3.18). Thus
n, was chosen as the minimum of the index of the first term that was absolutely
less than 10~3 times the corresponding partial sum and the index of the absolutely
smallest term,

In several tests comparing the two expressions for 2 (x) it was noticed that
whenever n, was determined by the smallest term, the error in J (x) could
be significantly reduced (by a factor of 10) if J(x) was determined as the average
of the four partial sums closest to the partial sum through the smallest term
of the asymptotic series. . This was based on the observation that a line
joining the points in a complex plane representing the partial sums
formed a loop whose 'center" was very close to the point representing { (x)
exactly. It was not found necessary to use the averaging described above al-
though it might be useful in other cases. No theorem is known to the author
stating that an asymptotic series always behaves in this fashion.



APPENDIX B

SURFACE IMPEDANCE OF TAPERED WALL CORRUGATIONS

Consider a single tapered trench as in Fig. B-1(b) which extends to infinity
in the z and r directions. This can be viewed as a non-uniform transmission
line in the r direction. The impedance of this line can be determined as follows.

Let E= E ¢$ and assume no dependence upon the z-coordinate. Then Max-

well's equations reduce to (jwt time dependence assumed and suppressed)

oH, o(rE
jL0€E¢=-—a—r— s jwuer=— WQ . (B.l)

The solution in terms of the Hankel functions is:

H, Al (k) +BH (k)

. (1 (2)

E¢——]nE%Hl (kr) +BH] (krﬂ . (B.2)

L
et " j65(x)

Hn (x)=Hn(x)e
and @) ~j6,(X)

H (x)=Hn(x)e (B.3)
where

1/2
H (9= E}flz)(x) +er1 )]
6n=tan‘1|:Yn(X) /Jn(x] . (B. 4)
Then Eq. (B. 2) can be written:
j6. (kr) -j0.. (kr)
HZ=HO(kr) E\el O( +Be %o _]

j6, (k) —jel(kr)]

E¢= -j nHl(kr) Ae +Be (B. 5)
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(a)

(b)

FIG. B-1: CORRUGATIONS WITH TAPERED TRENCHES.
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The impedance of the line, looking towards the apex, is defined as

2= -Eg /HZL : (B. 6)

=ri

Let also

Z1=-Eg [Hz (B.7

I‘=I‘L

Substituting Egs. (B. 5) and (B. 7) into (B. 6) one finally obtains the expression

Z_(kr )sin [el(er) -el(kri)] + stm[oo(laL) —el(kri)]

Zy(ry)=Zo(kr;) « —— : : (B.8)
2 sin [eo(er)“eo(lqi)] ~1Z,,(kr; )sin [el(er)_Bo(kriﬂ
where
H, (kr)

Zo(kr)= n ﬁ;(_k-l-‘; . (B.9)

For ZL=0 (short at r=rL) Eq. (B. 8) reduces to
sin| 6. (kr;) —Ol(er)
Z;(r;)=)Zo(kry) [ L. -] (B. 10)

sin [eo(kri) —Gl(erﬂ .

Assuming that the line is narrow enough so that the high order modes are at-
tenuated rapidly one may still use (B. 10) to predict the input impedance of a
tapered trench whose walls terminate at r=r; . Then for a series of parallel
trenches as shown in Fig. B-1(a) considerations similar to the ones used to

derive Eq. (4. 3) yield for the surface reactance

X (r)=2 Zfkry) - Lo, ] (B.11)

sin [ (kr;)-, (kry )]

Where w and s have the same meaning as in Eq. (4. 3) and are measured at the

aperture, From (B. 11) it is seen that the reactance changes from positive to

negative when

eo(kri)—el(er)=m7r ;m=1,2 .., . (B. 12)
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The solution of (B. 12) with k=27 /3 jis plotted in Fig. B-2. It is seen that this
solution tends asymptotically to the corresponding solution of Eq. (4. 2) as ex-

pected. With the help of Fig. B-2 one can determine r; once r. and A, have

L
been chosen.
When ry =0, it is seen from Eq. (B. 11) that Xg will become positive when
f=1.6f,. Here fo is used to denote the frequency at which the trench depth,
d=ri—rL, is equal to one quarter of the free space wavelength. In general, for
0<r; <m the crossover point, i.e., the point where Xg becomes inductive,

will be at some frequency f, such that
(B.13)

Thus, the tapering of the trench width restricts somewhat the frequency range
over which the corrugations offer a capacitive surface impedance and thereby
reduce the antenna radiation along the ground plane.

The more accurate determination of stop bands and pass bands for a
periodic transmission system formed by corrugations with tapered walls can be
easily performed by means of space harmonics exactly as in the case of cor-
rugations with parallel walls (Watkins, 1958). The only difference is that
Eq. (B. 10) now replaces Eq. (4.2) .
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"

L
A

FIG. B-2: SOLUTION OF 90(21 ri/lo) = 91(21 rL/AO) + mxr AND

ASYMPTOTE r, - r; = (2m - D2 /4.
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