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I INTRODUCTION

Previous work done in connection with the present research program
has utilized two modern computational methods in electromagnetics. The
first technique is the Geometrical Theory of Diffraction or GTD, which is
most often used when an antenna radiates from a structure that is large
in terms of the wavelength. The second technique is the Method of Moments
which, for practical reasons based on computer storage, applies best to
structures that are not large in terms of the wavelength.

A major innovation of the research performed in connection with the
prediction of_satellite antenna radiation patterns lies in the formal
combination of the GTD and the moment method into a single computational
method known as the Hybrid Technique [1]. This technique was used by
Moore and Thiele [2] to investigate a turnstyle type antenna on a 24" x 24"
satellite panel.

The computer program developed in connection with the turnstyle
antenna investigation was limited to monopole type elements and pattern
calculations in one plane only. Subsequent work described in this report
has been concerned with the generalization of the theory and the
incorporation of that theory into the computer program so that it may
be used in the analysis and design of more general satellite antenna
systems than previously possible.

[1. THE HYBRID TECHNIQUE

The Hybrid Technique is actually an extension of the moment method
accomplished by modifying the impedance matrix to include the GTD.

A. Moment Method

Consider a general perfectly conducting body on which there is a
current density J. In order to satisfy the boundary condition everywhere
on the body surface, the total tangential electric field has to be zero.
That is,

S i x
Etan i Etan oEL (2-1)

where Etan is the tangential component of the incident electr1c field

due to a source located anywhere outside the body and E3 is the tangential
component of the scattered electric field radiated by the current J on the
conducting body. For simplicity, the subscript "tan" is dropped and it

is understood that only the tangential electric field is being applied to
satisfy the boundary condition on the body surface.

To apply the moment method to find the unknown response J with E' as
the known excitatign, write the functional operator equation [3,4] to
relate the J and E' as




. 2.9
L()p(!) t (2-2)

where Lop represents the integral functional operator.

For a unique
solution, L

op must have a corresponding inverse operator, L

3 = ; (2-3)
op

In addition, an inner product, obtained by integrating J-E over the
surface under consideration to obtain the reaction J,E [5], is defined
to satisfy the following symmetric inner product axioms:

WJy + 8y, Er o= <ady B 4 <8d,,E> (2-4)
J.k Esd (2-5)
J*,J> = 0 if and only if J = 0

0 i A, (2-6)

where « and . are scalars and * denotes complex conjugation.

Next we expand the current q on the surface of the conducting body
in a series of basis functions {J,, JZ’ e Jn} defined in the domain of

’ 1
Lop. That is,

- n “n (2-7)
n=1

where In are the complex coefficients to be determined.

Substituting Equation (2-7) into Equation (2-2), using the linearity
of the operator, and forming the inner product with a set of weight
functions 1w], w? ceey wm} in the domain of Lop’ we then obtain

N . ; ,
L1 <MW, L (T )> = <M

acy M Soptn m® (2-8)

']. such that
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Actually, Equation (2-8) represents the mth_row of equations in a system
of N such equations while the quantity Lop(Jn) represents the electric
field from the nth basis function of unit amplitude. In the usual moment
method matrix notation, Equation (2-8) can be written as

(z] (1] = (vl A2-9)

where [Z], [1] and [V] are called the generalized impedance matrix, the
generalized current matrix and generalized voltage matrix, respectively.
The elements of [Z] are denoted by

Zmn = *wm, Lop(Jn)* . (2-10)

To include the diffracted field contribution from the nth basis

function Jn’ a new matrix element can be written as

Zﬁn = 'Wm, Lop(dn) +c Lop(Jn)" (2-11)
or, by axioms (2-4) and (2-5),
Bia ® o B IET e el T e (2-12)

where ¢ Lg (Jn) represents the contribution from GTD and ¢ is a complex
quantity. Equation (2-12) may be further simplified as

S g =
Zmn Zmn : Zmn (2 ]3)

where ZJ = “Wp, ¢ Lop(Jp)>. With the new matrix element, Equation (2-9)
can be rewritten as

(2'] {1'] = [v] (2-14)

where [I'] is the current distribution on the conducting body surface,
including the contribution from GTD.




B. Diffraction Theory

The problem of straight edge diffraction by a perfectly-conducting
wedge was first solved by Sommerfeld [6]. Later, Pauli [7] introduced
the Vp function as a practical formulation in the solution for the fields
diffracted by a perfectly-conducting wedge of finite angle. More
recently, Hutchins and Kouyoumjian presented a formulation which yields
better accuracy than Pauli's solution in the transition regions near the
incident and reflected shadow boundaries. particularly when r<». Their
formulation can be written as

-1

V%(L,..n) =Sl (Bt I+v(L,f,n) (2-15)

where

-j(kL+n/4) £ .
I‘”(L,,',n) e——v — JE cot (;J_ ) eJkLa

jnfET 2n

[' e-jt2 dt + [higher order terms] (2-16)

=
kLa
and

a =1+ cos(r-2naN) (2-17)

The higher order terms are negligible for larqge kL and n is defined from
the wedge angle WA = (2-n)r as shown in Figure 2-1. Moreover, N is a

positive or negative integer or zero whichever most nearly satisfies the
equation

2niN-¢ = -n for I_r (2-18)
and

2nm N-g = n  for I+ﬂ : (2-19)

The distance parameter L and ¢ are defined subsequently.
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Consider Figure 2-1 with source fieid [’(ﬁ) from a source located
at point s'(v',4',2'). The source can be either electric or magnetic
giving rise to either plane, cylindrical, conical or spherical wave
incidence on the wedge tip. The diffracted vector field at the point
s(o,4,2z) can be written in terms of a dyadic diffraction coefficient.
Kouyoumjian and Pathak [3] have shown that the diffracted field can be
written compactly 1f they are expressed in terms of a ray fixed
coordinate system centered at the point or points of diffraction Qf.
The relationships between the orthogonal unit vectors associated with
these coordinates (s',.‘.¢';s,ﬁo,:) are given by

0
[ == gt (2-20)
] = (‘) X g 4 (2'2])
s =B x4 (2-22)

where I is the incident direction unit vector, and s is the diffraction
direction unit vector. In this coordinate system, the diffracted field
may be written as

Els) « Q) - Bls.1) AGs) eI (2-23)
or, in terms of the VB function as
d - 2%
d + i
IROAE L A S
where
El(s) = E9s) - 8 (2-25)
Ed(s) = £%s) - o (2-26)
i
and
vg = VgiL,8,n) ¥ vB(L,u*,n) (2-27)
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The minus sign of the Vg function is used for the soft case (E field
parallel to the edge) and the positive sign is for the hard case
(£ field perpendicular to the edge). The anqular relations are given

by s=5% - ¢3¢' where the 87 term is associated with the incident field
and the g° term with the reflected field. The ray divergence factor or
spatial attenuation factor A(s) is given by

s

b= oul for plane, cylindrical and
= conical wave incidence
Als) = ¢ (2-28)
B gl for spherical wave

| \s(s+s) incidence

and L is given by

é

I

2 . sinzs for plane wave

ot 0 incidence

l , :
| RO o'p for cylindrical wave 2-29)
; y p'tp incidence

for conical and spherical
S+s wave incidence

[t is the introduction of the distance parameter L by Pathak and
Kouyoumjian that permits near-zone to near-zone diffraction to be obtained
accurately for kL>1.
[11. APPLICATION OF THE HYBRID TECHNIQUE

Examples

A. Monopole near a Conducting Wedge

Consider the conical problem of a monopole near a perfectly-
conducting wedge as shown in Figure 3-la. Assume that the monopole 1is
a thin wire with radius, R<<A and its axis coincides with the coordinate
z-axis. To find the current distribution on the monopole, first apply
the boundary condition on the wire surface. That is,

- T5(0,2) = L';(O,z) (3-1)
or
Lop(D) = - £%(0,2) = E;(o,z) (3-2)

where £°(0,z) may be expressed as [9]

g 7
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)—.Hflh 2
(0,2) = g4— | Iz') & [(1+jkr)(2r°-3R

-H E

Lz 2)+(kkr)2))dz'
(3-3)

where z' and z denote the source point and observation point, respectively,
and

r = [R® + (z-z')z]”2 (3-4)

Therefore, Lop can be defined as

(o i
“Ne ;
o : 'f:jf%— (/- Glr,v') dz' {(3-5)
SHSk -
where
Ll
6(r,rt) = S [(14ikr) (2r5-3R%)4(kRP)E] (3-6)

r

Then the current distribution J(z') may be expanded by a finite set of
piecewise sinusoidal basis functions [10], {Fy(z'),Fp(z')---Fy(z')} as
shown in Figure 3-2. That is,

¢ 40 B NS e S A5 (3-7)

Where In is a complex quantity and

e sinh k (z -zn_]) sinh k (zn+]-z )

= — 2 W
sinh k (Zn-Zn_17 sinh K (zn+]-z;)

z (3-8)

k 15 the complex propagation constant of homogeneous medium:
ko= Juvue (3-9)

Thus, Lquation (3~2) can be written as

oAbt (F 2y~ = (0] . (3-10)
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, - 7
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Figure 3-2. Piecewise sinusoidal basis functions.

Next, with a set of weighing functions defined as

R o=F () (3-11)

SRR Lop e (3-12)

which is physically interpreted as the direct field contribution at
region m due to a unit of piecewise sinusoidal current Fp(z') defined at
region n as shown in Figure 3-1b. Also, the matrix element aZ3, in
Equation (2-13) that accounts for the diffracted field from the edge of
the wedge due to the same basis function F,(2') can be written as

P ) S 1 =d . g . -
uzmn = <Fm(z ) Ln(s)> —J[.Fm(s) Eﬂ(s) dz (3-13)
where Ed(s), the diffracted field arriving at reqion m, is obtained
using G?D and the integral is over the length of region m. That is,
e yE kL -jks - i
[n(s) Vg E¢(Q[) STh © A(s) e ¢ (3-14)

where Ll(QL) is the incident field_component perpendicular to the edge
due to the current basis function F,(z') and ¢ is defined as shown in

10

iR




Figure 3-1b. In this particular case, LL(QL), the incident field com-
ponent parallel to the edge equals zero, and the incident angle is

so = /2. Moreover, for sperical wave incident A(s) and L are defined
by Equation (2-28) and Equation (<-29), respectively. Therefore,
Equation {3-14) can further be simplified as ;

eSS
: Jk[grzg - 5]

=d o e, S N : .
hn(S) - -J{; EL(QE) rrral et (3-15)

With Zn, z””+7an calculated, the unknown current distribution on the
monopole can then be obtained by solvina the matrix equation

11 =271 1v1 . (3-16)

b. Monopoles on a Rectangular Ground Plane

In general, given the locations of a source, an observation point
and the edge of a wedge, it is necessary to determine if the given edqge
has a diffraction point that will give a diffraction contribution in
the obserjation direction. The equations derived below can be referred
to LTl vz,

From Fiqure 3-3, the position vector RD of a diffraction point Qf can
be obtained as follows:

RQ = C2 -|[(RS - C2)-E]|E (3-17)
W= (RO - RQ)-E (3-18)
RP = RQ + WE (3-19)
G = |RO - RP (3-20)
H=|RS « RQ (3-21)
RD = WP - (%’-ﬁ) £ (3-22)

Diffraction occurs only if the following inequality is satisfied.

— - R o)l
(CT-R) .¢epei<«CZ-F).; : (3-23)

1 - RS ICZ - RS
11
e e o s NI DI e ——




S(SOURCE)
O (OBSERVATION

m>

Figure 3-3. Geometrﬁ_for the calculation of the position
vector RD of a diffraction point QE'

After RD is calculated, the same procedure as in Example A will give the
current distributions on monopoles on the ground plane in the presence

of the diffracting edges. To determine the far field pattern including
the four edges of diffraction, it is necessary to define the incident and
reflection shadow boundaries as shown in Figure 3-4.

From Figure 3-5a, it is obvious that only if the sign of
n - (RS - TT) and n-D (3-24)

are the same and the intersection point is not on the rectangular plate,
then the observation point is in the direct incidence region. If R
represents the location of the image of a source and if the intersection
point is on the rectangular plate, then the opposite sign of Equation (3-24)
indicates that the observation point is within the reflection region as

shown in Figure 3-5b, The location of intersection point is defined as
follows (see Figure 3-5c).

M=

(B - )i
Den

(3-25)
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Figure 3-5(a). Geometry for finding direct incidence region.
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Figure 3-5(b). Geometry for finding refiection region.
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Geometry for finding the location

Figure 3-5(c).
of intersection point.

RT =RS + MD (3-26)
To determine if RT, the interception point, is on the ground plane,
the following equation can be tested.
| 4 . 1 not on the plate
P (3-27)
In=1 ™| > m on the plate
where
| B(C =« BT 2 (€. .5 = RT1 ] ]
I St ;~ (3-28)

. |

and is defined as shown in Fiqure 3-6,

e s m— —
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Figure 3-6(b). The vector relation between the intersection
point and one ground plane corner.
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Figure 3-6(b). When the intersection point is on the ground plane,
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Figure 3-6(c). When the intersection point is not on the ground plane,
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' To include the diffraction by the four edges to the total far field
pattern, requires another set of equations to determine the diffraction
points on the four edges, since in far field case, only the observation
firection is given and 1t 15 assumed that rre,

—>»> N>

A
D

SOURCE
OBSERVATION

DIRECTION

Figure 3-7. Geometry for finding the position vector RD of a
diffraction point when the far field observation
direction D is given.

' From Figure 3-7, it is easy to show that
Q= (RS -TN - E (3-29)
' H= [(RS - CT) -Qéi (3-30)
3 ' cot 8, = S T (3-31)
V1 - (D-E)2
‘ RM=CT+QEC (3-32)
RD = RT + (W cot 6) £ (3-33)
.
[l £




where RD i1s the location of diffraction point which nust satisfy the
following inequality to ensure that diffraction occurs:

T . R’ o D 2
SCLo BBl o < g o S5 B) 5 o (3-34)
Cl - RS| |C2 - RS|

That is, the diffraction points must be defined on the edqges.

The total far field pattern is calculated by summing the direct,
reflected and diffracted field. The direct and reflected field may be
obtained via the moment method while the diffracted field may be
determined by the GTD. As mentioned in Section II, the diffracted field
can be expressed compactly in terms of a fixed ray coordinate system
centered at the point Qg. The three orthogonal unit vectors of the
coordinate system as shown in Figure 3-8 are E the unit vector along the

A
D DIFFRACTION

A
n
DIRECTION
f :
z

Bo f s

a

x>

SOURCE

Y

Figure 3-8. Fixed ray coordinate system centered
at the diffraction point Qf.

A
E
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edge, n_the normal to the surface, and_ B n x £. The incident unit
vector 1, the diffraction unit vector D, gy, &0, ¢ and ¢' can then be

represented as follows:

E + sin B" cos ' B * san 80 sin ¢' n

-1 COS &
0 0

D=c¢cos B E+sin B. cose B + s1n B. sing n
A ; 0 ¢ ~o x

[ \
o = tan']l;:l—ﬂ

\-1-B/
’
- Den |\

¢ tan ]'5~—-;

Y g ( /

Wb
¢' = cos¢' n - sing' B
¢ = CcoSs¢ n - sing B

Thereupon, the diffracted field can be expressed as

1 ~d d
E - Ey ¢ + E, 8,
where
d ) R | - fe
L|l\(‘) 'V'. Uﬁ]\ E),(QF)_]' i :
(5] | : . 18 -Jks
@ sThe; Mlsh e
dicy ‘ + i 0
L Euls) L v -VB_J LEL(QE)
and

19

(3-44)

(3-45)

(3-46)




where T](#L) is the incident field at diffraction point Qf due to the
current distribution on the monopoles. For spherical wave incident and
for far field calculation (s*=), Equation (3-44) can be written as

T W o ot s f o
ﬁ Lﬂ(s) i -Vb —1| ) ( jbs'sinz:o jkRD-D
f < | | s' e e (3-47)
| td(s) ) vl Efq) |
et Sl S0 SO e LERNEL)
-jks
where lim & is suppressed and, since the phase is referenced to
S—?(x
(x,y,z) coordinate system of the rectangular plate as shown in Figure
3.9, the phase term el PR oo ried.

o>

> N>

Figure 3-9. The phase reference of the far field pattern to
the coordinate system of the finite ground plane.

The diffracted field just calculated may be considered as arising
from a current basis function I,F,(%) defined on the nth region
(Figure 3-9) of the monopoles. Therefore, the total diffracted field

20




1s the summation of the contributions from all the current basis functions
{IZFp(R), IpFz (%), «-+ INFN(R)S including all the effects from the four
edges (excluding the 2nd order diffraction and the corner diffraction).

In general, the total far field can be written as

i~
|
mi
1
¥
=

Lt()td] (3-48)

where T;, fﬁ and Tﬂ represent respectively the direct incident field,
reflected field and diffracted field due to the current basis function
In Fp(%) defined on the region n of the monopoles.

i. Single tonopole on a rectanqular plane

Consider a quarter wavelength monopole excited with 1 volt generator
on ¢ ground plane as shown in Fiqure 3-10. In Figure 3-11, the calculated
g-component of the far field pattern including diffraction by the 4 edges
is compared with that obtained by Burnside's GTD computer program [13]
for the following cases:

a) xlzxZ:y]:y2=3A , =900 MHz  (Figure 3-1la,b)
b) x]=x2:y1=y2=]4“ , f=800 MHz  (Figure 3-11c,d)
c) x]=x2=y]=y2=14" , =900 MHz (Fiqure 3-11e,f)
and d) x]=x2=y]=y2=14” , f=1000 MHz (Fiqure 3-11g,h)

where the pattern is calculated with the observation direction defined
by ¢=0?, 180” and 0”<6<180°. In Fiqure 3-11g,h, the discontinuity
appearing around the region, =90° and 2707, is due to the second order
diffraction from the edges which is not inciuded in the calculations.

—

The reason for making the comparison with Burnside's pure GTD
program is to provide an independent check on the validity of our
computer program.

Burnside's program uses infinitesimally short current sources which
have amplitudes and locations so as to simulate a quarter wavelength
monopole with a sinusoidal current distribution.
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11. Two tilted monopoles on a rectanqular plate

Consider two quarter wavelenqth monopoles tilted at an angle of
20” on a qround plane excited with generators as shown in Figure 3-12.
The 6-component of the far field pattern including diffraction by the
4 edges is compared with that obtained by Burnside's GTD computer program
for the following cases:

a) x.,=y.=8", x,=y,=20" , f=1000 MHz (Figure 3-13a,b)
k< 242
b) X=X,y =y,=14" , =900 MHz  (Fiqure 3-13c,d)

c) x]=y1=]2”, x2=y2=]6", f=800 MHz  (Figure 3-13e,f)

where the observation direction is given by ¢=0", 180" and 0°<6<180°.

It is noted that in both cases 1 and ii, the ¢-component of the
far field pattern observed in the plane ¢=0", 180" and 07<6<180° 1is
zero since the antennas in these configurations have no contribution to
¢-component in that particular observation direction. In order to see
the ¢-component of the far field pattern of two tilted antennas as

‘ mentioned in case ii, the observation plane ¢=90", 270" and 0“<6<180"
is used. The result is shown in Figure 3-14 for the cases:

a) x]=y1=8", x2=y2=20" , f=1000 MHz (Figure 3-14a)

b) x,=y;=12", x,%y,=16", f=800 MHz  (Fiqure 3-14b)

C. Helical Antenna on a Ground Plane

The helical antenna [14] as shown in Fiqure 3-15a is described by
the following symbols:

D = diameter of helix
C = circumference of helix
. S = spacing between turns
W T a = pitch angle
L = length of 1 turn
N = number of turns
A = axial length
- d = diameter of helix conductor.
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If T turn of a circular helix is stretched out straight on a flat plane,
the relation between the spacinag S5, circumference C, turn length L and
pitch angle « are as illustrated by the triangle in Fiqure 3-15b.

For the work presented in this report, a hexagon is used to
approximate the circular helical antenna which has the terminal ar-
rangement as shown in Figure 3-16a.

In general, although there is an infinite variety of radiating far
field patterns associated with a helical antenna, two kinds are of
particular interest. One is the axial or beam mode of radiation, and the
other is the normal mode of radiation. For the axial mode radiation,
there is a field maximum in the direction of the axis of the helical
antenna and for the normal mode radiation, the field maximum occurs
normal to the helix axis.

To obtain the far field pattern of a helical antenna on a finite
ground plane the Hybrid technique is applied. The far field patterns
of a 2-turn helix radiating in an axial mode on an infinite ground plane
are shown in Fiqure 3-17a and b; whereas, the far field patterns of the
same helix on a finite ground plane with xy=xp=y1=y2=0.5% are shown in
Fiqgure 3-17c and d. The pitch anale and circumference of the radiating
helix are 13.965° and 1.0053 wavelength, respectively. The lack of
complete symmetry is due to the physical connection between the helix
itself and the feed point which renders the antenna geometry non-
symmetrical.

For tne normal mode radiation, Figure 3-18a and Fiqure 3-18b show
the far field patterns of a one-turn helix on an infinite ground plane and
a finite ground plane (x1=xp=y1=yp=0.54), respectively, where a=9,0341"
and c=0.17A, The discontinuity appearing around 6=90° and 270° is due to
the second order diffraction from the edges which is not included in the
calculations. It is noted that only the Eg-component is shown in
Figure 3-18. Since the Eg-component is practically zero compared with
tg-component when observed in a plane with ¢=90", 270” and 0°<6<180°.

Furthermore, the terminal impedances of a 5-turn helix on an
infinite ground plane and on a finite ground plane with xy=xp=yj=y»=0.5A
dre calculated with different frequencies and are shown in Fiqure §-]9a
and b. The helix is approximated by hexagons with a=18° and
0.66Azcs1.20. The terminal impedance is highly sensitive to changes
in frequency for c<2/3x, but is nearly as constant with frequency for
3/8<c<4/3 within which the helix is in an axial mode. The spiral form
of the impedance can be in general compared to the impedance measure-
ment obtained by Kraus [14] as shown in Figure 3-20. The disagreement
between Figure 3-19 and Figure 3-20 is due to the sensitivity of the
feed point modeling. For this work, a delta gap model generator is
used and no attempt is made to model the tapered feed in the vicinity
of the feed point itself.
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Figure 3-17(c). The calculated Eg pattern (not in dB) of a helical
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axi?])mode. The observation plane is defined as
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in (a).

46
"‘"ww i o 7 B8 S -y




6 =180°
1.0

0.75

</

0.25
\

A
("

90°
d =0.002)\
a=9.034|°
C=0.1lm\ -
N=I

Figure 3-18(a). The calculated Eg pattern (not in dB) of a helical
antenna on an infinite ground plane radiating in
the normal mode. The observation plane is defined
by ¢=90°, 270° and 0°<6<180°.
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Figure 3-19(a). The calculated input impedance of a 5-turn
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infinite ground plane as a function of
frequency.
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Figure 3-20. The measured input impedance of a 5-turn
helix on a ground plane as a function of
frequency is obtained by Kraus.

TV. SUMMARY AND CONCLUSION

Antennas on satellites assume many different confiqurations. Many
of these confiqurations are wire type antennas or can be modeled by
wires. In addition to modeling the antennas themselves, the sateilite
body itself must alsc be modeled.

The work presented in this final report has shown how the modeling
of both the antennas and satellite body can best be accomplished. The
terms of interest that can be accurately calculated include impedance,
radiation patterns, coupling between antennas, response of an antenna to
another when the response antenna is loaded with a frequency sensitive
device (filter) etc.

The computer program developed in connection with the work discussed
herein is sufficiently flexible that it can be used in the design as
well as analysis of satellite antenna systems. For example, the
performance of an antenna in the presence of up to four other antennas
of arbitrary wire geometry (e.q., helix) can be calculated as a function
of frequency. The ultimate use made of such software depends in large
part upon the degree to which the program is made user orientated. One
possibility for the future is to make the program interactive through
a visual (i.e., CRT) display.
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