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I.  INTRODUCTION

The object of this study is to develop an efficient numerical solu-
tion for the high-frequency near zone radiation patterns of a spheriod-
mounted antenna. The Geometrical Theory of Diffraction (GTD) is em-
ployed for the pattern calculation of which the creeping wave [1] solu-
tion in the shadow region is of particular interest here. According
to the generalized Fermat's principle, a ray emanating from a source,
which is Tocated on the surface, follows a geodesic path on the surface
and continually sheds energy into the shadow region. Such a creeping
wave mechanism is illustrated in Figure 1(a), from which it can be seen
that a ray traverses from the source point Q' to the diffraction point
Q, and then propagates along the geodesic tangent at Q toward the ob-
servation point Ps' Since most parameters involved in the pattern cal-

culation are related to the ray path, the geodesic solution on the surface

for a near zone field poini constitutes a major portion of this study.

(a) FIELD POINT IN
SHADOW REGION

(b) FIELD POINT IN
LIT REGION

Figure 1. Ray paths in the shadow and 1it regions.




The spheroid is studied because of its three dimensional nature
in that it can be used to simulate an aircraft or missile fuselage.
For a flush-mounted airborne antenna, the fuselage has a dominant effect
on the resulting radiation pattern. Previously [2] the fuselage was
simulated by an elliptic cylinder; however, the cylinder model could
not predict the pattern close to the nose or tail sectors, where the
deviation from the physical situation becomes very prominent. Previous
attempts [2], using the spheroid model, employed calculus of variations
or tensor analysis to calculate the geodesic paths. The resulting ai-
gorithms were very time-consuming and virtually impractical to use.
Therefore, a perturbation method is presented here in an attempt to
combine the simplicity of the cylinder or cone solution with the gen-
erality of the prolate spheroid.

Before examining our perturbation approach, it is appropriate to
study the basic radiation mechanisms in some detail in that they suggest
the present solution. The ray analysis in the 1it region can be rather
straightforwardly analyzed for any convex surface; however, the geodesics
which are necessary to treat the shadow region dictate what surfaces
can be efficiently analyzed. In the shadow region, the energy propagates
outward from the source along the geodesic paths. As the energy flows
around the surface, it is continuously diffracted along the geodesic
tangent toward the field point such that the significant effect of the
surface is associated with 2 region around the source. In fact, for
a prolate spheroid, the significant portion of the surface, which is
associated with the dominant energy, may look as shown in Figure 2.

Note that this region can be specified by following the various geodesic
paths until the radiation level along a given path becomes insignificant,
i.e., more than 40 dB below the patterr maximum. With this in mind,

it is clear that one could represent the prolate spheroid by a structure
which simulates the circular cross-section completely; however, the
profiie (i.e., the elliptic curve) could be approximated by a simpler
shape in that the significant energy region does not cover a large portion
of the profile shape. Consequently, a right circular cone perturbation
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Figure 2. The region of significant energy flow from an
antenna mounted on a prolate spheroid.




- - —

is chosen here to simulate the spheroid which in turn can be used to
model a fuselage. This perturbation model is illustrated in Figure

3 for a source located near one end of the spheroid. Note that if the
antenna is placed at the center of the spheroid, the cone actually be-
comes a right circular cylinder.

In that the cone is a debeloped surface, one can unfold the cone : -}
such that a planar structure results. The geodesics associated with
the cone are, then, straight Tines on this planar structure. In order

to allow for a geodesic solution between the simplicity of the cone
and the rigor of the spheroid, one can perturb the cone by bending it
along its generator as illustrated in Figure 3(b). In that a perturba-

tion technique is employed, the geodesic paths for the cone are simply
modified such that the solution for the spheroid is basically straight-
forward and is the basis for this report. It is obvious that one

cannot use this perturbation if significant energy propagates great
distances along the surface. However, as discussed above, the energy
which propagates great distances along the spheroid generator becomes
insignificant in magnitude such that one need not solve for the true
geodesic paths outside the region shown in Figure 3. The simplicity

of these perturbed geodesic paths allows one to very efficiently determine
the significant ray paths on the prolate spheroid.

It is noted that, since GTD is a high-frequency method, the lower
frequency limit of this sclution is dictated by the electrical dimen-
sions of the spheroid, i.e., the semi-minor axis of the spheroid is
required to be at least a wavelength.

The curved surface diffraction solutions employed here are briefly
discussed in Section II. The parameters needed for this GTD solution
are described in Section III in terms of the cylinder and cone pertur-
bations for near field used to simulate the geodesic paths on the spheroid.
Computational results are presented in Section IV. Finally, a summary
of this study is made in Section V,
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Figure 3(a). Cone simulation.
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Figure 3(b). Cone perturbation model.
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II. THEORETICAL BACKGROUND
A. Introduction

The radiated field of a spheroid-mounted antenna ijs analyzed using
the Geometrical Theory of Diffraction (GTD). The surface is assumed
to be perfectly conducting, and the surrounding medium is free space.
An exp (jwt) time dependence is understood and suppressed in the fol-
lowing formulations.

Consider an infinitesimal, magnetic current moment d?h(Q') or an
electric current moment dﬁe(Q') Tocated on a perfectly conducting con-
vex surface as shown in Figure 1; the sources

dP_(Q') = E(Q')xn'da‘ and ,(Q') = 1(2')de' A"

pertain to the aperture and monopole type excitations with

E(Q') = electric field at Q',

n' = outward unit surface normal at Q',

da' = area element at Q',

I(2') = electric current distribution on the monopole, and
[ = distance parameter along the monopole.
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According to geometrical optics, the space surrounding the source is
divided into an iliuminated and shadow region by a plane tangent to

the surface at Q'. This plane is referred to as a shadow boundary. Since
the field in the deep 1it region is essentially that obtained from ge-
ometrical optics, and the field in the deep shadow region is relatively
weak, the solution for the transition region adjacent to the shadow
boundary is of more interest and discussed below.

B. Shadow Region

The creeping wave mechanism in the shadow region is illustrated
in Figure 4. From the generalized Fermat's principle, a ray emanating
from the source dP@(Q') at Q' traverses a geodesic path Q'Q on the sur-
face, and propagates along the geodesic tangent at Q toward the field
point P_. The field dfg at P¢ can be expressed in terms of the field
at a reference point P by [1]

dd .
-jk
Ey(py) o dER(P,) | LE e * 0 +0ln2,n73] (1)

d d
where

p g and Dg are the principal radii of curvatures of the wavetrcit

and 0[mZ,m™3,...7 are the higher order terms.

From Figure 4, it is seen that if the reference point P0 is moved to

the curved surface diffraction point Q, then pf+o, pg*oc, and $o”S-

Since df@(PS) is independent of the reference point Po, it follows that

o0 i dEg(p,) - [m(00) :
~add dEg(p,) = Tw(0'.Q) ; (2)

d
>0
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(b) Top view of diffracted ray (c) Side view of surface diffracted
tube indicating the diver- ray tube and the unit normal
gence of the rays and the and tangent vectors at Q' and
unit binormal vectors at 0.

' and Q.

Figure 4, Surface diffracted ray tube and ray
coordinates for the shadow region.
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then

dE(Ps) mf@(Q',Q)js 22“5 e7dks (3)

Furthermore, I@(Q',Q) can be related to the source strength dﬁ@ at Q'
by

Tg(Q',Q) = dPg(Q') + Tg(Q',Q) (4)
where ?%(Q',Q) is given by [1]

Tm(Q',Q) = 3K To*nTy(Q")H+E'6T,(Q")5+b'bT,(Q")s+E AT, (Q" )]

-jkt v, pgég) /8
e

Te 10',0) = K20 [ pupr (gu)men'bTg(0)s ekt

Y 1/6
dy /b (Q)
0
_HT~—_ 6
v/;n(Q) \ og Q') (6)
Here (£',n',b') and (E,ﬁ,ﬁ) are the tangent, normal and binormal unit
vectors to the surface at the source point (Q') and diffraczion point

A

(Q), respectively. As seen from Figure 4, txn=b and t'xn'sb'. The quan-

tities Tl(Q'),...,TG(Q') are the torsion factors at Q' and are given
in Table I. Also,

=
i

g(¢) (7)

m%%Ty—ﬁ(i) (8)
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with

1~ exp(-J 1E)
) = —= d-P_(TlTE' d 9
ol VE i exp(-j2n/3) IC " 9

s _ 1 exgg - ! Tg!
£) = = dt 10

which are known as the acoustic hard and soft Fock functions. The Fock
type Airy function is given by

o

w(1) = f dt-exp(Tt-t3/3) (11)

1
Ju = exp(j2w3)

and w?(r) is the derivative of wz(r) with respect to 1. The Fock para-
meter ¢ for the shadow region is given by [1]

- Q m(t!

g
with
k (tl 1/3
m(t') =|:—pg'2——-)-J . (13)

Here pg(t') is the surface radius of curvature along the ray path at
t'. The width of the surface ray tube at Q, dn(Q), is given by

an(Q) = p,db . (14)

The parameters Zo and t are defined as the free space wave impedance
and geodesic arc length from Q' to Q, respectively.




Combining Equations (3)-(14), the n and b directed components of
diy(P,) are given by 0l

(a) dPm(Q') case:
-1/6 —
(Q") d,
dEN(P,) = 7% (dPm-B*)He” Jktf’ ] j j 1
. Pg Q d 5(pc+5)
e~3KS4o[m=27 (15)

6

-1/
dEO(p, TL [(dPm-B)T S+(dPmet')§] e J"‘[—grr]

| fdy [, i
i _o __];__‘_ -jks -2 -3 \
J & J/ e +0Eﬂ ,m ] (16)

s(p.*s)

(b) dﬁe(Q') case:

dEN(Ps) = e cp (@ e K [0S (Q) 'l w Js(p +5)

v

e'jks+0[m'2] N
. T
o=k g ol 1/6j {
dED(p ) = =2 P (Q')T sed t[ ]
e~ IKS4orm 21 (18) -

where TO=T(Q')pg(Q') with T(Q') being the surface torsic.. at the source
location (refer to Table 1).
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C. Lit Region

From geometrical optics, the source dF@(Q') at Q' excites waves
which propagate along straight line ray paths from the source to field
point in the 1it region. As shown in Figure 5, the field dFQ(PL at
point PL is expressed by

i LT
_ o [ PP -Jks,,
dE@(PL)wdE@(PO)j L2 e +o[ -2 f] (19)
(p +s )(02+50)
Since Q' is the only caust1c of the incident rays, the principal rad11
of curvature pl and 02 a55001ated with the incident wavefront at P
identical, i.e., p1 = p2 Furthermore, dE@(PL is independent of
the reference point f If P is chosen to be at Q', it follows that
im p'dEg (Po) = Ly (20)
i o g
pi+0
£d+s D B
should exist. Thus, Ly can be related to dP@(Q') by (1]

L =2
Lg = dPg(Q') - Ty (21)

Equations (19)-(21) are, then, combined to yield
=2 _-jks

dEg(P ) + dPy(Q') * Ty E— + otmpZ,me3... ] (22)
=9’ _ -.k A'A A'A A',\ ~ALA

T, = 75 [bynA+tbB+b'b,C+tynD] (23)
dl 'sz AN

Te = -1;—— [n*nM+n " bN) (24)

with A, B, C, D, M, and N are defined in Table 2. Note that dE'é'(PL)
is decoupled into n and b components as follows:

13
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TABLE II (POR LIT REGION)
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(a) dP (Q') case:

dEN(P,) = 73K [(dPy b ) (HE+T2F cos0’) + (&P +t')T Feoso']

e-JkS

&5+ o)

(P = 7KL (P bt )T F+(dP, 1) (S*-T2Fcos?6') ]

(b) dP (Q') case:

~-jkZ . . -jks _
dEQ(P ) = 7> dP,(Q')sine H%TReos6’ 1€ —+ 071

-jkZ . -jks _
dEQ(P) = =2 dP(Q')sind'T F&—— 0 ;2]
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and
£y © -mm(f)')cosei (31)
m(q) = Q) (32
|2 (1+TgC05261)1/3 )

The angle ei is defined by fi'.S = cosei as shown in Figure 5. Also,

F_ S&H%OSQ
1+T(2)cosze1

(33)

as defined in Table [I.

D. Pattern Factors

The solutions for short magnetic or electric dipoles have been
given in parts B and C. One approach to analyze an extended aperture
or linear antenna problem is to integrate the above solutions over the
source distribution, if it is known. This is an application of the
superposition theorem, and one approximates the source distribution
by an array of short magnetic (or electric) dipoles on the conducting
surface. This is an accurate solution, however, rather tedious. A
more efficient approach is to modify d?E(Q') such that

(a) in the shadow region:

28 [ cos %E (Pm-f'iq [sin(%A Pm 5? ]

o | TG ) | [H
Fé = ;'[l-cos(kL)] (35)




(b) in the 1it region:

kB . .i/5 .% . kA . i/ 2
cos(x—=sing (P _«t') sin sind (P_«b')
A 23[ (Psine’ (P, )ZH 7= sind (B, ] (36)

1-(%§sine1(ﬁm-i')) %A sin91(3m-5')

O
1}

m™ Py

P o=n cos(kLﬁ'-g)-cos(kL)

e 1-(n'.5)? 37
Here 6m = unit vector in the direction of magnetic current moment,
A,B = the length of the short and long sides of the slot, and
L = the length of the monopole.

It is noted that L is not to exceed a quarter wavelength for the solu-
tions to be valid.

III. NUMERICAL TECHNIQUE AND PERTURBATION METHOD
A. Introduction

It is seen that, for an antenna mounted on a spheroid, the solu-
tion in the Tit region is relatively straightforward. On the other
hand, the geodesic paths associated with the GTD solution in the shadow
region are extremely complex. Previous studies [2] employed calculus
of variations or tensor analysis to calculate the geodesic paths which
resulted in very inefficient solutions. An efficient numerical approach
is examined in this chapter with the spheroid simulated by a perturbed
cone or cylinder model. In that the cone and cylinder are developed sur-
faces for which the geodesics are efficient to solve. Given a radiation

direction (et,¢t), one can find the final diffraction point (60,¢Q)

17




by following the geodesic path, step by step, until the geodesic tangent
coincides with (et,¢t). This is a rather tedious and time consuming
process if applied for each new radiation direction. Considering that a
new radiation direction does not deviate greatly from the previous di-
rection, one should be able to develop a solution which uses the prop-
erties of the surface and the previous geodesic path to find the new
diffraction point. Such an approach is applied here to make this solu-
tion as efficient as possible.

Since the field decays exponentially along the ray path on the sur-
face, it is assumed that only one or possibly two dominant rays exist

in the problems treated.

B. Spheroid Surface Parameters

Using the spheroid geometry shown in Figure 6, the surface is de-

fined by
R(0,) = R(e)sinecos¢§+R(9)sinesin¢} + R(e)coses (38)
with
R(8) = ab. ("9)
q[a2c0526+bzsin29
or
he A ~ A
R(v,0) = a coswcospx + a cosvsingy + b sinvz (40)
with
_ b cosé
tanv = a—si—n—e- . (41)

18
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The "\" parameter is introduced because of its convenience in analyzing
elliptic geometries.

Considering a ray which propagates along a geodesic path Q'Q on
the sphero1dal surface as shown in Figure 7 the three unit vectors t
n and b are, as defined earlier, the geodesic tangent, outward surface
normal and binormal at any point along the geodesic path. The outward
surface unit normal (ﬁ) is obtained from

| RpxRv|
where
> ~ ~ A
g% = ﬁv = -a sinvcosgx - a sinvsingy + b cosvz
and
>
BR_-R’_ 'I\+ -~
3 $ = -a cosvsingx + a cosvcosoy

Then, the unit normal vector is given by

n = b cosvcosgx + b cosvsingy + a sinvz (43)

J[azsinzv + bzcoszv

The normal curvatures k, on the surface are evaluated by introducing
the first and second fundamental forms of differential geometry (3]
such that

Ld 9 + 2Mdgdy + Ndv
<, = CURAL L (44)
Ede? + 2Fdpdv + Gdv

20
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where
-+ > M-* -+ > -»>
L = R¢¢ N, = R¢v'N, and N = va-N;
hd »> > > -+
£ = RyR 5 F = R¢-§v, and G = R R ;
and
N = -n

It can be shown that

n\)cosq,} » and

§¢¢ = -a CcOSVCOSHX - a COS Singy ,
R = a sinysi ')2- si

o nvsingx - a

+ -

W

-a COSycospX - a cosysingy - b sinyz.

After some algebraic manipulation, one obtains

L = ab cosd//a%sindy + szOSZ\) ,
M=0,

N = ab/j?sinzv + bzcosz\; ,

E = azcos2 v o

F =0, and

G = azsin%, + bzcos2 v -

22




The two principal curvatures on the surface are, then, given by

« = L/E = 2 (45)
aJazsinzv + bzcoszv
and
ab
Ky = N/G = (46)
2 JQazéin£; + bzéoszv)y2
which can, also, be expressed as
- E_J/azcosze + b%sing (47)
1 a a4cosze + b4sin26
and
2. .2 2.:.2.13/2
<y = ab(a®cos“g + b°sin“g) . (48)

(aatosze + b4sinee)3/2

It is noticed that R; = % and R, = %— as found in Table 1, Since F=M=0,

the directions §¢ and ﬁn sre in the p?incipal surface directions 3]
which are expressed by T1» ;2 and are associated with K1 and Kos rf-
spectively, as shown in Figure 7. If B denotes the angle between t
and ;1, then

t = ;lcoss + ;Zsine . (49)

From Euler's theorem, the normal curvature along the geodesic path is
specified by

kg = choszs + KzsinZB (50)
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with the radius of curvature (pg) being l/Kg.

The torsion term (To) introduced in Section II(B) is given by

where the surface torsion is given by

T = Sin2§ (KZ'KI) (52)

with « and k, being defined in Equaitons (45)-(48).

C. Surface Geodesics

The geodesics on the cylinder, cone and spheroid are examined in
this section.

(a) Cylinder case:

The circular cylinder geometry used for this study is shown in
Figure 8(a). Since the cylinder is a developed surface, the geodesic
path Q'Q is a straight line on the unfolded planar surface. As shown
in Figure 8(b), the geodesic unit tangent f is given by

£ $c05y + ;siny (53)

where

-sin¢;+cos¢§. (54)

¢
It is noticed that 8 and ; are the two principal directions on the cyl-

inder surface. For a given geodesic Q'Q, one can see that y is a con-
stant along the geodesic path.
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Figure 8. Geodesic path on a developed cylinder.
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(b) Cone case:

Consider a ray propagates along a geodesic path Q'Q on the cone
surface as shown in Figure 9(a) which is a straight line on the unfolded
planar surface as shown in Figure 9(b) since the cone is a developed
surface. Applying the same technique as in Section B, {é and ; are
the two principal directions on the surface. The geodesic unit tangent
E is, then, represented by

t = ¢cosBtt sinB (55)
where

t, = -xgsiné+zcosé , (56)

Xq = COSPx+sindy, (57)

and § is the half cone angle as shown in Figure 9(a). Note that B is
no longer a constant along the geodesic path Q'Q.

(c) Spheroid case:
Recall that the prolate spheroid surface is defined by
*R(v,¢) = a cosveosdx + a cosvsingy + b sinvz

with

b cos6

tany = 3 5Tns
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Figure 9. Geodesic path on a developed cone.
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From Section B, it was found that the principal directions were given
by §¢ and ﬁv. As seen in Figure 10(a) and (b) the unit vectors in the
principal directions can be represented by

~

-;sin¢ + ycos¢ (58)

t, “Ry/IR,)

t =R /IR X _sing+zcoss
e = V/\ v‘ ~Xgsin ZC0S

-a sinvxe + b cosvz

(59)

jazsin2v+b2coszv

with

PN -~

Xg = COSOX+singy . (60)
It is noticed that €r is merely ¢. If B denotes the angle between t.
and the geodesic unit tangent t, then

~

t = trcoss+€esin8 . (61)

which is identical to the form used for the cylinder and cone geodesics.
This suggests that one might be able to develop a perturbation solution
which gives a simplified form for B on a spheroid using the cylinder

or cone expressions for g.

D. Cylinder Perturbation for Near Field

In order to solve for the geodesic paths on a prolate spheroid
for the near zone, the cylinder perturbation technique is used when the
source is located at or near eS=90°. As shown in Figure 11, the cylinder
is perturbed by bending it around the spheroid, and the geodesic paths
are to be resolved in this perturbed cylinder model.
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Figure 10(b). Elliptic profile.

Recalling that v is a constant along a given geodesic path Q'Q

on the perturbed cylinder in Figure 11, one obtains a geodesic equation
given by

mlm
;)

tany = (62)

r

with Sr = aqﬂ where q,is measured from the source to the diffraction
point. The elliptic cross-section in the Xo-Z plane is described by

X = d
@ = 2 COSy, an

z=b sinv,

therefore, the arclength is given by

v
e

Se = J ngsinzv + b2cosv dv
0
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Thus, Equation (62) becomes

v
e
[ jazsinzv + b2cosly dy

tan y= 2 Ty (63)

with -m<y<n, -n/2§¢r, ve_<_n/2.

e
and the receiver point Ps(Rts1n6tcos¢t, Rysinf.sing,, thoset), then

at the diffraction point Q, the radiation direction (et’¢t) should co-
incide with the geodesic tangent t given in Equation (61). Thus,

Assuming the diffraction point Q (a cosvbcos¢r, a cosxbsin¢y, b siny.)

t =x tx +y ty tzt,
R N (64)
= tr cosy + te siny
where,
. - Rtsinetcos¢t - acosv, cos¢r
X D ’
. - Rtsmetsm(bt - a cosv, sing,
y D ’
R, cosB, - b sinv
_t t e
tZ = D , and
2 X .
D" = RE-ZRt[a s1n6tcosvecos(¢t-¢r)+b cosets1nve]

+ a2coszve + bzsinzve
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tquating the x-, y-, and z-components respectively, one obtains

a siny Cos¢,.sin RySing.COS¢p, - @ €OSy,COS¢
-sing,cosy - i o S il Dt er "M
/azsinzve + bzcos2 Vo
(65)
a siny_sing Siny Rising,sing, - a cosv_ sing
cose, cosy - e r - _t t t 5 e r
jazsinzv + bzcoszv
e e
(66)
b cosvesi:l_ _ Rt COS6 4 -“tz_sin\)e (67)
Jazsq 22 D
a s1n%e+b cps Ve ,
From equations (65) and (66), one obtains
Resind,sin(dy-¢.)
cosy=t tﬁ tr (68)
and
a sinvesiny Rtsinetcos(¢t-¢r)-a COSvg
- - s : (69)
jazsinzve+b2cosz\,e
Equation (69) is divided by (67) to give
-a siny Rysing.cos(g-4.)
e _ "gSinBcosie-¢.) (70)

b cos v, thoset-b siny,




From Equations (62), (67) and (68), one obtains

b cosveSe _ thoset-b sinve i
2 2 2 Rysingysin(ey-oy)
ve+b cos Ve

a¢fjazsin
From Equations (70) and (71), one obtains

f(Ry»04s0psVgsdp) = D $1n8COS(44-¢,. )OSV +a cOSPySTny,

=0 , and (72)

2ve+b2cosz\)

. . 2 .
g(Rt'et’¢t’“e'¢r) =b Se51nets1n(¢t-¢r)cosve-a¢rja sin
abd jgzsinzv +b2coszv sinv
cosp, + r s e

e

e

t

=0 (73)

Provided that nne has obtained a diffraction point (Ve’¢r) for a receiver
location (Rt,Ot,¢t), a numerical technique can now be developed from
Equations (72) and (73) to solve for (ve+Ave, ¢r+A¢r) associated with

a new receiver location (Rt+ARt, 6t+A6tpt+A¢t). Assuming that the

ith set of (Bt,@t,ve,¢e) is first known to satisfy fi=gi=0’ or at least
approximately so, the next set (Rt+ARt’9t+Aet’¢t+A¢t’ve+Ave’¢r+A¢r)

is obtained by enforcing fi+1=gi+1=0’ such that

Fiop = Fitfp Ry * Fooypsfy a0y + 7, dve *

A¢,. = 0, and
t e "

¢

9.,1 = 9:%9y AR, + g, A0, * g Adpy * 9 Av, ¥ 9 Ap =0
i+1 7 3iTR Tt T 99,50 7 Ty, bt 7 9, BV . ¢r
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In matrix form, it is given by

f f Av -f., - f AR, - f_ A6, - f Ad
Ve Oy e i R, 7't 8y L oy 't
= (74)
9, 9 Ad -9; -9 AR -gy A6, -9, Ad
ve %, r i TR 7%, "9, 20t
fve = -b sinetcos(¢t-¢r)sinve +a cosetcosve

f¢ = b sinetcosvesin(¢t-¢r)

f _ab

2
t Rt

f. =b cosetcos(¢t-q,)cosve-a sinetsinve

-
i

-b sinetsin(¢t-¢r)cosve

Ot
g\)e = b sinetsin(¢t-¢r)[Dsecosve-Sesinve]-a¢r Déecoset
ab¢r .
+ —RE_ [DSeS‘"ve + DSe cosve]
. b .

g¢r =-b & s1netcos(¢t-¢r)cosve-a DgoCOs04 + &; Dge sinug

e
R, R2

t

get =b % CosotSi"(¢t’¢r)°°S“é + a¢rDSeSi"et
G¢t = b Se sinetcos(¢t-¢r)cos\)e

35




= VG?sin2vb ¢ b?cos?v

Se e

2 .2 .

/

a -b)cosv sin

\ )cos e \%

’Se 2 .2 .2 2
Jgrsin \%+b cos VE

Therefore, one obtains (Avé,A¢y) for a known (ARt,AGt,A¢t) using Equation
(74). 1In order to determine the initial diffraction point (ve’¢r) for

a receiver location (Rt’et’¢t)’ one can always assume a diffraction

point at the source (vs,¢s) = (0,0) with the radiation direction (et,n/z)
for the positive ray (in +y direction)or (84, 37/2) for the neqative ray (in
-y direction), and gradually add increments (ARt,Aet,A¢t) until the
desired receiver location (Rt,et,¢t) is reached. After the initial
diffraction point is identified by (Ve’¢r); vy, and therefore, the geodesic
path is determined by Equation (63). Such a numerical approach is il-
lustrated in Fiqure 9. Note that one need not trace out the complete
qeodesic path from the source location to the diffraction point for

cach new radiation direction. As shown in Figure 9, the diffraction
point (ve+Av e’¢r+A¢r) for the next receiver location is determined

from (ve,¢r), using Equation (74), if (ARt,AGt,A¢t) are small which

is the case when a complete radiation pattern is computed.

After the geodesic path is determined, various other parameters
associated with Equations (15)-(18) must be found. The Fock parameter
of Equation (12) is given by

0 1/3
L)

where the integral is evaluated along the geodesic path. Note that ¢
is the arc length along the geodesic and given by
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S S

' L 7 Siny” cosy
( Therefore,
| dg = ;}ﬁ VaZsinytb2cosudy
‘ or,
l B
: % coSy ady,
‘ and the integration can be rewritten as
'
v 1/3
e kp
£ = 3%"‘ ;4 —79 Jalsiny +b2cos?y tdy ! (75)
or
) 1/3
£ =2 "1 feg dy' . (76)
Cosy “y g 2
where Pg = 1/(K1C052y+K251nzy), and kyp are given in Equations (85)
and (46).

dp (Q')

Next, the ray divergence factor —E%TGT_ is defined as the change
in the separation of adjacent surface rays as shown in Figure 12. It
is assumed since the prolate spheroid will be Tong and slender that
the ray divergence factor is unity. Note that it is unity for a cylinder,

E. Cone Perturbation for Near Field

| When the source is not located at the mid-section (05#900, in
Figure 14), the cone perturbation model is used. As shown in Figure 13(a),
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the spheroid is modeled by a perturbed cone. The associated unfolded
surface is shown in Figure 13(b). Ify and B denote the angle between
tand t_ at Q' and q respectively, it is seen in Section III-(B) that
they are not the same as in the cylinder case. In fact,

I
l
| 8= ya (79)
I
I

where
_r o an
a7 T 77
. 3 COSBg . . .
] with a' = acosv, and tany, = B_ETFES With some manipulation, one
¢ can show that
(r-Se)cos(y-a) = r cosy (80)
where
Ve
_r 2- ' 2 ' ]
S¢ = t q/; sin“v, + b"cos vy dvg-

S

The Tine qoing from the diffraction point Q (a COSV,C0SP,., 2 cosvesin¢r,
b sinve) to the receiver location (Rt,et,¢t) coincides with the geodesic
tangent i, and one obtains

a sinv cosé,.

e RtSlnetCOSQt-i CNSveCOSe,.

-sing cos(y-a) - . sin(y-a) = )
azginzve+b cosz\,e
(81)
a siny_sing Rysing,.sing.-a cosy_sing
coss,.cos(y-a) - e sin(y-a) = ———p—o---e- et
Jazsinzve+b2cosz\,e

| .




uuuuuuuuuuuuu

, ,//////// ,




dovasyd @GNNSR $TEEEL $WENS 42w

apuly Sund  bommd eeed

\rcos y s(r—Selcos{y—a)

~N A
\ t

A\ A

e\ X0 tr

Y

se
L \
AN
AN

Fiqure 13(b).

Geodesic path on the unfolded cone.
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b cosvesjn(y-a) i thosot-b sinve

Ve o | ()
\j; SIn"v +bcosTv,

| From Equations (81) and (82), one obtains
Risind, sin(¢,-4..)
cos(y-a) = g t—t T (84)
and
a sinvesin(y-a) i Rtsinetcos(¢t-¢r)-a COSV,
- = 5 (85)

2.7 2...2
\/a sin ve+b cos \’e

Equation (85) is divided by (83) to give

a sinv Rtsinetcos(¢t-¢r)-a cosv

e €

" b cosv, - R.COSB, - b sinv, : (86)
Therefore, one obtains
f(ve,y,u) = (r-Se)cos(y-a)-r cosy = 0 (87)
g(04,0,,VeY,2) = D' cos(y-a)-sindy sin(¢, - %Ta) =0 (88) -

h(et.¢t,ve,a) = a sinv,cosO; +b sing cosvgcos(d; - %¥)

-9 (89) .
where t .
D'={E-2[EZ sinetcosvecos(¢t - %$)+ E; cesdy sinve} -I
2 2 %
+ & coszv + b sinzv .
RZ e R2 e
t t

Using the increment method again, one uses

fi+1 =f + fveA\)e + faAa + fYAY= 0
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9i41 = 95* gve Ave * 9yba * 9, AY * getAet +9¢tA¢t ¥ thARt =0

higg = hi + hvéve + h Aat hetAet + h¢%¢t + thARt =0

In matrix form, it is given by

1T Ml T

9.9 ¢ Ax | = | -9:-9, AB,-9, Ad:-Gp AR (90)
79, Mt T, "t TR T

h h 0| [ay -hi=h_ AB,-h_ Ad,-ho AR
ve a0 d LAY LT, A9, A0 TR e

2

-
1}

- Jazsinzve+b2cos Ve cos(y-a)

—h
]

(r-Se)sin(Y-a)

-
"

r siny —(r-Se)sin(y-a)

2 .2
_ cos{y-a [(b -a . a . . R r.
gve = ——~é ~-l [ Rf‘l SInvecosve + ﬁz SInveS1n0tcos (¢t - _1)
t

b
- ﬁ; Cosvg, coset]

9, = D'sin(y-a)+sinetcos(¢t - ET G)%T
cos{y-a a . . ray r
+ [- L cosves1nets1n(¢t - ET)‘ET]
= =D'sin(y-
9, (yv-a)
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. . r cosf -a) [b_
g('t = -cos0, sin (4’t - ’a—r(x)" D [Rt smotsmv -

;t c0s8,cosv,cos (¢, - L 0.)]

o e r cos{y-a a . . r
g¢t = -sme)tcos(cpt - ?“)‘“ ——61——)- [R—E sing, cos\,esm(q,t - ?a)]

S C—“‘-BX—&'L){{RL $106,COSV ,COS(p, - )+ ]tk’" cosetsime}
t t it t

-3 cos?\) b sin? %
RZ Y
t t
) : : r
h"e = a cosv,Cos8; ~b sinv,sing, cos(¢, - zr a)
- : : _roar
h, = b cosy sing sin (¢t aT @) T
h =0
Y
: . r
het = -a siny,sing, + b cose, cosy, cos(é, - v a)
hq’t = -b sing, cosy, sinlg, - -—ra)
. ab |
"R, =2 -
t Rt

It is seen that one can solve for (/\v ,42,8v), for a known (ARt,AGt,A«tt)

using Equation (90). To obtain a d1ffraction point (ve,¢ ) for a given re-
ceiver location (Rt.et,¢ ), one can always assume the first diffraction
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point is at the source (v,¢) = (v ,0) with the radlat1on direction (et >
t‘7) for positive ray (iny d1rect1on) or (et-z, ¢t-2—) for negative ray

(in -y direction), and gradually add the increments (Aet,A¢t) until
the final radiation direction (et,¢t) is reached. Again, one need not
start out from the source everytime, but obtains the new solution di-
rectly from Equation (90), provided that the new receiver location
does not deviate greatly from the previous direction.

The geodesic arc length is obtained from either of the following

equations:
gcosy = (r-Se)sinx , or
(91)
gsiny = r-(r-Se)cos: .
Therefore,
[ dS, dv
0 = sina e _¢€
d -cosa + Tan(7-a) }av—e sty » OF
= -_ Y rdo
dg = L tan(y-a)sina + cosa] Cos(y-a

and the Fock paramenter £ is obtained by integrating along v or «, i.e.,

[ cosa’-tan({y-a')sing']l , ,
<=, "9( ) osly-aT) (92)
or
1/3
£= }e L i 1 cosq + 1 Jazs1n2 b2 '
oq siny sa tan(y=a) v cos 'y
(93)
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dv (Q')
The ray divergence factor ‘a%rﬁr” , is again assumed to be unity.

This completes the cone perturbation model used to compute the geo-
desic ray paths on the preclate spheroid provided the source is not mounted
on the mid-section of the prolate spheroid.

IV. RESULTS

The solutions presented in the previous chapters are employed here
to compute the near field radiation patterns for short monopoles or
slots mounted on a 2Ax10\ prolate spheroid. To show the validity of
the cylinder perturbation solution, the source is placed at es=90° as
shown in Figure 14. To examine different conical pattern cuts, a cartesian
coordinate system {x',y',z') originally defining the spheroid geometry
in Figure 14 is now rotated into (x,y,z) as shown in Figure 15. Note
that the new cartesian coordinates are found by first rotating about
the z'-axis the angle L8 and then about the y-axis the angle 8- The
pattern is, then, taken in the (x,v,z} coordinate system with fixed
and ¢ varied.

The calculated examples are shown in Figures 16-24. The algorithm
boundaries shown in Figure 25 are used in determining whether one or
two rays are used in the solution. Note that B2 is defined automatically
by the numerical solution. This is done by determining the caustic
angle in the elevation pattern &k ) and adding a few additional degrees
to that value, i.e., 31213C+AB where 29§AQ§10°. One would expect to
observe slight discontinuities somewhere, because various numbers of
rays are included in different regions.
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_an0 _an0 -qn° =0 -n° =°o
(d) Gc-90.¢c-90'090 (e) ecgo v¢cote 0

Figure 16. Near zone radiation pdatterns for R,=15A for a short
monopole mounted at 8 =90~ on a 2 x10x tSphe\r'oid.
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(d) 0,.=90°%, ¢.=90°, 0=90°

Figure 18. Near zone radiation poatterns for R.=15\ for a short
monopole mounted at 6,=30" on a 2xx10x tspheroid.
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(d) 6.=90", ¢.=90°, 0=90 (e) 6.=90°, ¢.=0", 6=90

Figure 19. Near zone radiatiorb patterns for R.=15X for an axial slot
mounted at es=90 on a 22x10\ sptheroid.
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(d) 0 =90°%, ¢.=90°, ¢=90°

Figure 21. Near zone radiation patterns for R,=15\ for an axial slot
mounted at es=30 on a &xmxspthermd.
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l Figure 22. Near zone radiation pattberns for R.=15\ for a circumferential
slot mounted at es=9o on a 2Ax1t02\ spheroid.
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Figure 23. Near zone radiation patt&erns for R,=15\ for a circumferential
slot mounted at es=60 on a axﬁ)\ spheroid.
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Figure 24. Near zone radiation patterns for R,=15 for a circumferential
slot mounted at es=30 on a mﬁn spheroid.
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Figure 25. Cone boundary used to define terms to be included
in the shadow region.




V.  SUMMARY AND CONCLUSIONS

The object of this study has been to develop an efficient numerical
solution for the high frequency near zone radiation patterns of a spheroid-
mounted antenna. The Geometrical Theory of Diffraction is used in this
study to calculate the radiation patterns. The curved surface diffraction
solutions are discussed in Section II, where the creeping wave solutions
in the shadow region are of particular interest.

Cylinder and cone perturbation methods are presented in Section
II1 to simulate the geodesic paths on a spheroid, which in turn can
be used to model an aircraft or missile fuselage. Because the cylinder
and cone are developed surfaces, the geodesic paths can be found on
the unfolded planar surface. For a given radiation direction in the
shadow region, the geodesic path and final diffraction point on the
spheroid can, then, be found via an efficient numerical approach.

The Geometrical Theory of Diffraction is combined with the per-
turbation methods in section 1V to obtain various radiation patterns.

These solutions are very useful in predicting the high frequency
radiation patterns for antennas mounted on a spheroid. The cylinder
and cone perturbation techniques are highly efficient in approximating
the geodesic paths on the spheroid for this problem. Further, this
perturbation method can be extended to more general convex surfaces

such as ellipsoids.
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