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ABSTRACT

Numerical solutions for the radiation patterns of aircraft antennas
provide an excellent means of designing and locating antennas in order to
achieve the desired performance. The high frequency solutions presented
in this report are based on fuselage antennas mounted on a general-type
aircraft but applied specifically to the KC-135 aircraft. The roll and
elevation plane patterns are computed for a monopole, axial slot, and
circumferential slot mounted both over and forward of the wings. In each
case the calculated patterns compare very favorably with the measured
patterns. The precision pattern measurements were taken on a 1/25 scale
model of the KC-135 aircraft at NASA (Langley, Virginia) with special
emphasis on reducing the mount and background effects.
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I. INTRODUCTION

The need for an analysis of on-aircraft antenna patterns is quite

apparent. If modern systems are to function properly, the antenna pattern

must meet certain specifications. In fact, system performance is very
much dependent upon the resulting patterns. In most cases, scale model

measurements have been used to design and locate antennas. However, this

approach is both expensive and time consuming. To alleviate this situ-

ation, it is proposed that theoretical solutions can be used very
efficiently and accurately to predict certain antenna patterns. Using
this approach one can evaluate an antenna's performance without having

to build large numbers of scale models and spending a great deal of time

mounting antennas and measuring their patterns.

The approach applied for these solutions is the Geometrical Theory
of Diffraction (GTD). It is a high frequency technique with the only
limitation being that the source and various scattering centers be

separated on the order of a wavelength or more. In some cases even this

requirement can be relaxed. With this restriction our lower frequency
limit is around 100 MHz. The upper frequency limit is dependent on how

well the theoretical model simulates the actual structure.

This paper is specifically concerned with computing the elevation

and roll plane patterns for antennas mounted on a KC-135 (Boeing 707)
aircraft. The elevation plane pattern is computed using a two-dimensional

composite elliptic structure. The two-dimensional structure is valid in

that the object is large electrically and the dominant terms are represented

in this model as verified by a comparison with measured data. The roll

plane pattern is computed using an elliptic cylinder fuselage model to

which flat plate wings are attached. Again the agreement between calculated

and measured results is very good.

II. DIFFRACTION BY ELLIPTIC CYLINDER

The radiation from slots and monopoles mounted on smooth curved

surfaces is pertinent to the design of flush-mounted antennas for air-

craft and spacecraft. Recently, Pathak and Kouyoumjian[l] have extended

the GTD technique for plane wave diffraction by perfectly conducting
convex surfaces to treat the radiation problem. This extension of GTD
has been successfully applied to circular and elliptic cylinders, spheres,
and spheroids[2].

The GTD solutions for the radiated electric field of infinitesimal

slot and monopole antennas mounted on an elliptic cylinder as shown in

Fig. 1 are given, neglecting torsional effects, by [1,2,3]
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Fig. 1. Geometry of antennas mounted on an
infinitely long elliptic cylinder.

A. Monopole Case

Lit Region

(1) t = - sin em em F(source)

Transition Region

a) Lit side

= kd • 1/3F(tangent)
(2) n (sin e )1/2 ed F(tangent)

b) Shadow side

(3) = n /2 0  e-jk 2p(a 1/3 d F(tangent)
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Deep Shadow Region

(4) = n. Eh F. (tangent)

B. Slot Case

Lit Region

(5) 1 = [(el sin B-e2 cos B) • (b'n' + t'b'cosem)] " F(source)

Transition Region

a) Lit side

(6) = n 1/2 ejk ( p2 1/3d sin(a

jb /2 ej g* 2p( / 3 dt) 2)1/3 cos(a s +

g at source

SF(tangent)

b) Shadow side

(7) =  n 1/2 e j 2p 2 d sin(a s - +

j2 d/ 0 -jk (2( k )1/3 d 2 1/3 cos(a
j/2 d _e g*( cos( -

S9 at source

SF(tangent)
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Deep Shadow Region

(8) = n i E sin(as-) + b E' cos(as-8 F (tangent)

where

de 1 - m(  ) d

Eh = o h h Lhe

m=0l -Jym(2)d

E m m m

m=O

g*( ), g*( ) = complex conjugates of the Fock functions[l].

n, b, t = the normal, binormal, and tangent unit vectors
to the surface.

F( ) = phase factor to refer the phase to the center
of the coordinate system.

d /do = is the spread factor and equals unity for
this case[l].

Pg' Pt = longitudinal and transverse radii of curvature.

Note that the superscripts h and s indicate the hard and soft boundary
conditions, respectively. The launch coefficients are given by [1]

Lh  12 h  2

at the source

where Dm is defined in Table I. The subscript m refers to the mth mode
of the boundary layer surface wave. Thus, Ym is the propagation constant
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TABLE I

GENERALIZED DIFFRACTION COEFFICIENTS AND ATTENUATION CONSTANTS

Surface Square of Diffraction Coefficient Attenuation Constant

Dt - (Colum A) (Colum B) a * (Colum C) . (Colum O)

A. Keller's Result B. Correction Terms C. Keller's Result D. Correction Tems

ostic *1/22-5/4 1/3-J./12 2/3/3 6 1/3 2/3

-7r 

.(2 

2/3 
1 

*j.,g( 

g)

Table I. The incremental arc length along the geodesic path is expressed

coustylinder is illustrated in Fig. 2 and defined by

Nord ENV3 /3 2 4

for the mth mode surface wave such that m + k where equatim is defined in
Table I. The incremental arc length along the eodesic path is expressed
by dZ. The summation over "j" in the shadow region indicates that several
terms can contribute in that region.

One must first find an efficient solution for the geodesic paths
on the elliptic cylinder surface in order to analyze this problem
successfully using GTD. A preferred coordinate system for the elliptic
cylinder is illustrated in Fig. 2 and defined by

x= d cosh u cos v= af cos v

(9) d sinh usin vsin2v +bf sin v

z z

where 2d is the distance between the foci of the ellipse. Note that for
u = uf, where Uf = tanhl (bf/af), the above equations define an elliptical
surface for 0 < v < 2Tr. Thus, the general shape of the elliptic surface
is expressed by uf, and its dimensions are defined by d.

Using the calculus of variations, the geodesic paths on an ellip-
tical surface are given by

(10) z = C jv f sin v + b cos v dv

1-C2  vi
5



V
V= 7/2

U= Us V V2

U=U2

V=VI

U= U1

u=O 0 =0 -- X

Fig. 2. Diagram showing the elliptic cylinder coordinate system.

Note that vi and vf are, respectively, the initial and final values of
v along a given geodesic path. If one defines the geodesic starting
direction by the angle (as) as shown in Fig. 1, then C = -cos as. The
advantage of this geodesic solution lies in the fact that the integral
can be quickly evaluated using numerical techniques. The important
parameters of this problem are listed below:

V-cos a s f 2 2 2 2
z = s asinv + b cos2v dv (geodesic equation)
S sin a af sinv f

= 1 2 sin v + 2 cos2v dv (arc length)
Isin as v
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-af sin v x + bf cos v y
e = ___

Sa2 sin2v + b2 cos2v (curvilinear
f f coordinates)

e = z

t = sin as eI - cos as e2  (unit tangent
vector)

bf cos v x + af sin v y
n = (unit normal vector)

2 . 2 2 2
a sin v + b2 cos 2v

A A A A ^

b = tx n = + cos as e1 + sin as e 2  (unit binormal vector)

2 sin 2  2 2 v)3/2
(a sinv + bf cos (longitudinal radius

Saf bf sin2 of curvature)
af bf sin a

Using the above relations, one can employ Eqs. (1-8) to determine the total
radiated fields.

These solutions were verified by a comparison with modal solutions
for the limiting case of a circular cylinder as presented in Reference [3].
The solutions will be further verified by the elevation plane results
presented later.

III. SCALE MODEL MEASUREMENTS

The scale model measurements presented in this report were taken
at NASA (Langley, Virginia). A precise 1/25th scale model of the
KC-135 aircraft was used for these measurements. Special emphasis
was placed on maintaining the mount and background noise below the
-30 dB level for each measured pattern. The results of this effort
are well documented in the measured patterns that follow.

IV. ELEVATION PLANE RADIATION PATTERN

In most cases, the dominant structural effect in the elevation
plane is the profile of the aircraft for fuselage mounted antennas. In
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FIRST ANTENNA LOCATION
(FORWARD THE WINGS) SECOND. ANTENNA

LOCATION (ABOVE THE

f b 3 5.75"

-a60"

Fig. 3. Theoretical model of KC-135 aircraft.

order to simulate the wide variety of aircraft profiles, it is desirable
to analyze a composite ellipse model. This model consists of two semi-
ellipses mounted back-to-back.

Recall that our previous solutions are based on elliptic cylinder
models; however, one of the nicer features of GTD is that it can be
extended to new structures after making certain assumptions. In this
case, it is assumed that there are no diffractions from the junction
lines of the two ellipses. This assumption is justified since these
junctions are non-existent in the actual aircraft profile. Note that the
GTD solution in the lit region does not depend on the surface parameters
in that it is assumed the source is mounted on an infinite ground plane
tangent to the surface at the source point. On the other hand, the trans-
ition and deep-shadow region solutions are modified due to their dependence
upon the surface parameters. This modification simply requires that one
use af=a for rays traveling to the right of the junction and af=a' for
rays traveling to the left of the junction. The parameters a and a' are
illustrated in Fig. 3.

This model is, now, applied to analyze the elevation plane
radiation patterns for antennas mounted on the KC-135 aircraft. Since
the antennas of interest are located on top of the fuselage and along the
center line, the most significant effects on the pattern result from the
upper surface of the fuselage profile. The structure used to simulate
the 1/25th scale model consists of a 60" by 3.75" right semi-ellipse and
an 8" by 3.75" left semi-ellipse.
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The elevation plane patterns for a short monopole mounted forward
and over the wings are illustrated in Figs. 4a and b, respectively. The
patterns for a circumferential KA-band waveguide are illustrated in Figs.
5a and b. Finally, the results for an axial KA-band waveguide are shown
in Figs. 6a and b. The KA-band waveguide aperture fields are simulated
in our model by an array of infinitesimal elements as shown in Fig. 7.

The comparison between calculated and measured results is very
encouraging especially when the antennas are located above the wings. The
discrepancy displayed in the fore and aft regions particularly for the
case of antennas located forward of the wing is due to the effects of the
cockpit and the vertical stabilizer which are neglected in our theoretical
model. However, these comparisons do show the capability of our GTD
solution in determining the elevation patterns of aircraft antennas.

V. ROLL PLANE ANALYSIS

The basic aircraft to be analyzed in this study is composed of flat
plates attached to infinitely long elliptic cylinders. The model was
originally developed using a circular cylinder to represent the fuselage[4].
Modal solutions were used to determine the field. In the present paper,
GTD solutions as presented in Section II of this paper are used to com-
pute fields radiated from an antenna mounted on an elliptic cylinder. The
basic method of solution is the same; however, a few changes must be made
in the determination of the effective source location due to the difference
in geometry as shown in Fig. 8.

If the source does not directly illuminate the wing, as shown in
Fig. 8a, the effective source position for reflections from the right wing
in terms of the radiation direction (es, s s) is given by

xe = af cos Ve

(11) Ye = bf sin ve

ze = cot 0 V a2 sin2 v + b2 cos2v dv + z
ze = Cot e) v f f so

where ve = tan-1 (bf/af cot 4s). These coordinates can, then, be used in
the flat plate problem as the effective source location. Note that as the
desired radiation direction is varied the effective source location
changes. In addition, if the source directly illuminates the wing for a
given reflection term then the effective source location is simply the
actual source location (uf,vso,Zso). A result similar to Eq. (11) can be
found for the reflections from the left wing.
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Fig. 4a. Elevation plane pattern for a x/4 monopole mounted
forward of the wings on a KC-135 aircraft.

90 - MEASURED
* * * * CALCULATED

RELATIVE POWER (dB)
, /.-30s -- 20 -10 180*

270°

Fig. 4b. Elevation plane pattern for a X/4 monopole mounted
above the wings on a KC-135 aircraft.
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-30

- 1800

Fig. 5a. Elevation plane pattern for a circumferential KA-band
waveguide mounted forward of the wings on a KC-135
aircraft.
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-W 30( .
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Fig. 5b. Elevation plane pattern for a circumferential KA-band
waveguide mounted above the wings on a KC-135 aircraft.

11



900 --- MEASURED
* * * CALCULATED

-10
-- 20*

270°

Fig. 6a. Elevation plane pattern for an axial KA-band
waveguide mounted forward of the wings on a
KC-135 aircraft.
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* * CALCULATED

-20

--3

270"

Fig. 6b. Elevation plane pattern for an axial KA-band
waveguide mounted above the wings on a KC-135
aircraft.
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Fig. 7. Approximation of an open-end waveguide by an array of 5
infinitesimal broad wall elements with different weight
and an array of 3 infinitesimal narrow wall elements
with uniform weight.

SOURCE LOCATION
x / EFFECTIVE

/SOURCE RADIATION
/ LOCATION DIRECTION

bf

Fig. 8a. Illustration in the x-y plane of the effective
source problem for reflections.

SOURCE
LOCATION GEODESIC

PATH

EFFECTIVE
SOURCE
LOCATION I

TEST DIFFRACTION
POINT

Fig. 8b. Illustration in the y-z plane of the effective
source problem for edge diffractions.
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Using a similar technique the effective source locations for the
diffracted field components may be found. Our flat plate solution uses a

search technique to find the diffraction point by computing the diffraction
angles at selected test points along a given edge. Once a test point

(xd,Yd,zd) is specified along the edge one can find the effective source
location (xe,Ye,ze) using the geometry illustrated in Fig. 8b. Again it
is assumed that the source does not directly illuminate the test point.
One finds that this effective source is given by

22 2 2 22 22
afbfxd + afdafy d + bfxd - afbf

e + 2 22
e (afyd + bfxd)

2b2  b 2  22 22 2
af fYd fxdafd fxa + bfXd afb f

(12) Ye 2 2 2
e (afYd + bfxd)

bfXeZdIv + afZso(Yd-Ye)Iv
ZI

e  bfXe v + af(yd-Ye)Iv

where

Ve

I J a2 sin' + b2 cos2 dv,
vs

S 2 . 2 2 2 -1 Ye/bf\
S =  a sin v + bf cos 2e ,  and v = tan xe /bf)

Given the effective source location for the chosen test point, the search
technique is applied to find the actual diffraction point along a given
edge. Note that once the actual diffraction point is determined, the
effective source of the diffracted field is specified by Eq. (12).

The results for a x/4 monopole on the fuselage forward and over
the wings are shown in Figs. 9a and b, respectively. The results for a
KA-band circumferential waveguide forward and over the wings are shown
in Fig. 10. The results for a KA-band axial waveguide forward and above
the wings are shown in Fig. 11. The waveguide antenna is modelled as in
the previous section, and the agreement in each case is very encouraging.
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2700

1800

KC-135 with a x/4 monopole on the fuselage forward
of the wings at freq.=34.92 GHz (model frequency).
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Fig. 9b. Roll plane pattern (Eo) for a x/4
monopole above the wings.
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Fig. 10a. Roll plane pattern .(Ee) for a KA-band circumferential
waveguide forward of the wings.
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Fig. 10b. Roll plane pattern (Ee) for a KA-band circumferential

waveguide above the wings.

16



0! - CALCULATED
---- MEASURED

oS

-jl

270Fig. llba. Roll plane pattern (E ) for a KA-band axial
waveguide forward of the wings.

0- CALCULATED
--- -- MEASURED

0'



VI. CONCLUSIONS

The numerical solutions for the elevation and roll plane radiation
patterns are developed for an antenna mounted on the fuselage of a
general aircraft shape. Precision experimental results are presented for
a 1/ 25th scale model of a KC-135 aircraft. These results were taken at
WASA (Langley, Virginia) with special emphasis on maintaining the back-
ground and mount noise below the -30 dB level. Based on the agreement
between the calculated and measured results, it appears that the numerical
solutions are well within engineering accuracy. In addition to the
versatility already demonstrated, the roll plane solution can be applied
to compute the complete volumetric pattern except for two conical sectors
(fore and aft). As for efficiency both solutions run a complete pattern
in approximately 30 seconds on a CDC-6600 digital computer. Consequently,
a great savings can be achieved by using the computer aided model to
determine the antenna design and location. Then measured patterns could
be taken as a verification of the final result.

Although the solutions presented in this report are directed
toward computing radiation patterns, they can also be used to compute
the surface charge and current densities induced on the aircraft surface
for an incident plane wave. In fact using a Fourier transform approach,
one can solve for the time domain solutions for the surface charge and
current densities for an incident electromagnetic pulse.

In order to complete our study of fuselage mounted antennas, one
needs to examine means of handling the fore and aft sectors which cannot
presently be solved using our roll plane model. The problems involved
in these sectors result from the three-dimensional fuselage shape which
is dominant. In addition, a model for the cockpit/radome section and
vertical stabilizer effects must be developed as may be seen in the
elevation plane patterns. Perhaps a model composed of a finite elliptic
cylinder fuselage to which are attached flat plate wings and stabilizers
(including a vertical stabilizer) is the most practical configuration.
Using this model, the complete volumetric pattern can be calculated.

Another problem that is presently being considered is the effect
of a moving flap on various radiation patterns. This situation is
simulated by considering a stationary plate attached by a common edge
to a moving plate. The moving plate can be rotated about the common
edge to angle between 900 and 2700.

An aircraft/antenna problem that has not received much attention
to date is that of an off-fuselage mounted antenna such as pod mounted
antennas, wing mounted antennas, etc. This type of problem needs
additional effort in order to develop numerical solutions comparable
to the previously developed fuselage mounted antenna solutions.
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