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ABSTRACT

Volumetric pattern analysis of fuselage-mounted airborne antennas
at high frequencies is the object of this research. The primary goal
of this investigation is to develop a theoretical solution for pre-
dicting radiation patterns of airborne antennas in an accurate and
efficient manner. This is an analytical study of airborne antenna
pattern problems in which the antenna is mounted on the fuselage
near the top or bottom. Since it is a study of general-type air-
craft, the aircraft is modeled in its most basic form. The fuselage
is assumed to be an infinitely long perfectly conducting e111pt1c
cylinder in its cross-section and a composite elliptic cylinder in
its elevation profile. The wing, cockpit, stabilizers (horizontal
and vertical) and landing gear are modeled by "n" sided bent or
- flat plates which can be arbitrarily attached to the fuselage.

The volumetric solution developed in this study utilizes two
elliptic cylinders, namely, the roll plane and elevation plane
models to approximate the principal surface profile (longitudinal and
transverse) at the antenna location. With the belt concept and the
aid of appropriate coordinate system transformations the solution
can be used to predict the volumetric patterns of airborne antennas
in an accurate and efficient manner. Applications of this solution
to various airborne antenna problems show good agreement with scale
model measurements. Extensive data are presented for a microwave
Tanding antenna system.
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CHAPTER I
INTRODUCTION
Volumetric pattern ana1ys1s of fuselage-mounted airborne

antennas at high frequencies is the object of this research. The
primary goal of this investigation is to develop a theoretical
solution for predicting radiation patterns of airborne antennas
in an accurate and efficient manner. It is an analytical study
of airborne antenna pattern prob]ems for frequencies above about
100 megahertz in which the antenna is mounted on the fuselage
near the top or bottom. Since it is a study of general-type
aircraft, the aircraft is modeled in its most basic form.: The
fuselage is assumed to be an infinitely long perfectly con-
ducting elliptic cylinder in its cross-section and a composite
elliptic cylinder in its elevation profile. The wing, cockpit
and stabilizers (horizontal and vertical) are modeled by "n"
sided bent or flat plates which can be arb1trar11y attached
" to. the fuselage. The cy11nder solution employed in the analysis
is quite adequate and useful in that reasonable approximations
are made in obtaining the necessary diffraction terms. This
solution gives an accuracy of about ¥ 1 dB in pattern compu-
tation down to a level about 20 dB below the pattern maximum.

Based on the two principal plane (roll and elevation) model
analyses from previous work [1] and extensive work on prolate
spheroids [2] a numer1ca1 solution for the volumetric pattern
of fuselage mounted antennas is developed. This new solution
not only predicts the volumetric pattern accurately, it also
reduces computer time and 1mproves computational efficiency .
considerably over that of a previous surface of revolution
approach [2]. “The validity and capability of this new solution
are illustrated through comparison with extensive experimental
scale- mode] measurements performed at NASA (Hampton, Va.).

One of the principal problems in the design of a reliable
airborne antenna is the Tocation of the antennas on the aircraft
structure for desired radiation coverage. If modern systems are
to function properly, the antenna pattern must meet certain
. specifications. In fact, system performance often is very much
dependent upon the resulting patterns.

The usual design procedure for the antenna cons1sts of
allocating specific ltocations for the antenna regardless of
electronic system requirements but based primarily upon con-
venience with regard to aircraft structural specifications.
Scale model measurements, then, are used to evaluate the
performance of the antenna system in terms of its desired



pattern. This approach of airborne antenna design requires a
great deal of engineering time and money. Thus, the need for
an analytical investigation of the antenna system performance
in the presence of airframe is quite apparent.

If airborne antennas can be located on the aircraft at the-
design stage of the aircraft, then one can expect better perform-
ance in that optimum locations and necessary structural changes
can be anticipated. In addition, a future relocation or addition -
- of antennas on an aircraft within its useful Tifetime can also be
easily accomplished through the computer simulation method. Once
an optimum region is determined using computer simulated models
of the aircraft, the antenna can be flight tested to ascertain its
actua] performance.

Not only can these computer s1mu1ated results be used to
determine the best location, but they can, also, determine the
optimum antenna design for a given application. These analyses
consider the three mutually orthogonal delta function sources
which can be used to solve for the pattern of an arbitrary
antenna simply by integration over the equ1va1ent aperture
currents [3].

Among the first solutions used to compute on- a1rcraft
antenna patterns were the modal solutions for infinitely long
circular [4,5] and elliptical [6] cylinders. These solutions
modeled the fuselage by a cylinder whose elliptical cross-section
approximated the fuselage cross-section at the antenna location.
Arbitrary antennas were considered in these studies in which the
antenna was mounted either on or above the fuselage. However,
these solutions were not always adequate in that the effects of
various scatterers such as wings and stabilizers were ignored.

A more recent approach for solving antenna pattern and
impedance problems is the integral equation method via moment
methods. By enforcing the boundary conditions on aircraft
structure, the surface currents and the resulting scattered
fields can be found. One of the first moment solutions applied
to aircraft.problems was the wire grid technique, developed by
Richmond [7], using a point matching scheme [8]. This solution
requ1red the determination of approx1mate]y 100 unknown currents
per square wavelength in order that the wire grid adequately
model a perfectly conducting surface. A more sophisticated
approach has been developed by Richmond [9] in which the
reaction technique i$ used to_so]ve for the unknown currents.
Yet this solution still requires a wire grid model of the
aircraft with approx1mate1y 100 unknown currents per square
wavelength. _



Another approach is the surface-current model method [10]
in which the surface of a conducting body is divided into patches
with each- patch having two.orthogonal unknown complex currents.
Using this approach the unknown currents -have been reduced to
about 20 per square wave]ength Thus, one is able to consider
a much larger surface using these surface patch solutions.
However, all of these solutions are restricted to lower
frequencies, based on the fundamental limitation on the size
of matrices which modern computers can solve without excessive
loss of accuracy..

Another approach that has found great success at analyzing
on-aircraft antennas is the Geometrical Theory of Diffraction
(GTD). GTD is basically a high frequency solution which is
divided into two basic problems; these being wedge diffraction
and curved surface diffraction. The wedge diffraction solution
has been applied to determine the. radiation patterns of such
basic antennas.as parallel plate antennas [11,12,13], parallel
plate arrays [14,15], horn antennas [16,17], parabo11c reflectors
[18,19], and rectangular waveguide antennas [20]. Both of these
diffraction solutions have been applied in computing the patterns
of antennas mounted on cylinders [21,22,23], rockets [24], wings
[25,26], and aircraft [1,2,27-32]. Using this approach, one
applies a ray optics technique to determine components of the
field incident on the various scatterers. Components of the
diffracted field are . found using the GTD solutions in terms
of rays which are summed with the geometrical optics terms in
the far field. The rays from a given scatterer tend to interact
with the other structures causing various higher-order terms.
In-this way one can trace: out the various possible combinations
of rays that interact between scatterers and determine and
include only the dominant terms. Thus, one need only be con-
cerned with the important scattering components and neg]ect
all other higher-order terms. This makes the GTD approach '
ideal for a general high frequency study of on-aircraft antennas
in that only the most basic structural features of the a1rcraft
need to be mode]ed .

S1nce GTD is essent1a11y a high frequency so]ut1on, the

Tower frequency 1imit of this solution is dictated by the spacings
between the various scattering centers in that they shou]d be at
least a wavelength apart. In some cases even .this requirement .
can be relaxed. Under this restriction, the Tow frequency Timit
is around 100 MHz. The upper frequency Timit is dependent on

how well the theoretical model simulates the important details

of the actual structure.



The basic approach applied in the present study is based

on previous work [1] which demonstrated the capability of the
numerical solutions to predict the radiation patterns of fuselage
mounted antennas in an efficient and economical way. If the
volumetric patterns were found directly by analyzing rays on
complex three-dimensional surfaces as done previously in Reference
[2], the resulting numerical solution would be very complex, time-
consuming, and uneconomical. Nevertheless, if certain assumptions
can be made, the approach undertaken previously can be used to

overcome these difficulties and simplify the problem a great deal.

First, it has been shown by comparison with numerous scale
model measurements that the roll plane model (an infinite elliptic
cylinder .with flat plate wings) can be extended to cover almost
the complete volumetric pattern except for two conical sectors
(fore and aft) [30]. The limitations of the roll plane model
are due to the finite length of fuselage. Yet, the problem of
finite length fuselage has been solved, previously, in an
elevation plane analysis (an infinite composite elliptic cylinder).
Furthermore, based on previous three-dimensional studies of geodesic
rays which contribute to the radiation pattern of an antenna on
various prolate spheroids, one is able to combine the analysis
of these two models to give the complete pattern.

In addition, the cockpit/radome section and vertical
stabilizer previously ignored are taken into account in the
present study. The cockpit/radome section and stabilizers are
approximated by flat or bent plates which can be arbitrarily
attached to the fuselage. This is an improvement over the _
previous roll plane model [1]. Using this approach, the complete
volumetric pattern can be obtained with a model consisting of a
composite elliptic cylinder to which are attached flat or bent
plates. As a result of this simplified model, the solution is
very efficient and requires Tittle computer storage.

The basic theoretical background on the geometrical theory
of diffraction (GTD) is presented in Chapter II. Both wedge
-diffraction and curved surface diffraction are discussed. The
GTD formulation for aperture radiation of antennas mounted on
infinitely long elliptic cylinders (curved surfaces) is also
presented in that chapter. This formulation is essential for
fuselage mounted antennas. . Chapter II also includes the near.
field scattering by a finite bent plate which is necessary for
the determination of the scattering effects of secondary con-
tributors such as wings, cockpit, and .stabilizers.

Chapter III describes the mathematical model of the aircraft.
This chapter starts with a review of the.two principal plane (roll
and elevation) analyses and their application to the radiation



patterns. It, then, explains the way these two analyses are com-
bined into a complete solution for the three- dimensional aircraft
model. The computer simulation method to approximate the cross-
section and e]evat1on prof11e of an aircraft fuselage is also
discussed. _

Chapter IV presents the numerical resu1ts for the antenna
patterns using these newly developed solutions. Chapter. V is
devoted entirely to airborne antenna research on the microwave
landing system (MLS). This application is treated in detail in
that extensive experimental scale model measurements are avail-
able to verify the analytical solutions. -Volumetric patterns of
both calculated and the experimental results are presented to
demonstrate the validity and capability of this new solution.
Finally, a summary of the present study and a discussion of
future topics are presented in Chapter VI.



CHAPTER 11
- THEORETICAL BACKGROUND

. As. stated in the introduction, the Geometrical Theory of
Diffraction (GTD) is ideal for a general high frequency study
- of on-aircraft antennas. This is particularly true when the
scattering object is large in terms of the wave]ength such as for
electrically large aircraft. An aircraft shape is, in general,
quite complex consisting of many complicated scatter1ng structures.
To be able to obtain an accurate radiation pattern, one must take
these various scattering structures into account.

Based on past performance, the GTD has proven itself well
suited to this type of analytical study. Not only does this
approach fit nicely into a ray optics format, but it also pro-
vides a means of analyzing the effects of three dimensional
structures and identifying the significant contributions in the
resulting antenna pattern. Consequenctly, the GTD is employed
in this study to analyze the volumetric patterns of fuselage
mounted antennas.

The Geometrical Theory of Diffraction was introduced by
Keller [33] as an extension of geometrical optics to include
diffracted fields in the high frequency solution. The theory
is based on the following postulates:

(1) The diffracted field propagates along rays which are
~ determined by a generalization of Fermat's Principle
to include points on edges, vertices, and smooth
surfaces in the ray trajectory.

(2) Diffraction 1ike reflection and transmission is a.
Tocal phenomenon at high frequencies, i.e., it
. depends only on the nature of the boundary surface
~and the incident field in the immediate ne1ghborhood
of the point of diffraction.

(3) The diffracted wave propagates along its ray so that
(a) power is conserved in a tube (or strip of rays),
(b) the phase delay along the ray path equals the

product of the wave number of the medium and
the distance s. :




Using these postu]ates, one can express the diffracted field
in the same formbas a geometrical optics field with some Coef-
ficient of propgrt1@na11ty to the incident field at the point of
diffraction. The coefficient is determiried from a canonical
problem and is referred to as a diffraction coefficient.

For practical purposes, the GTD can be divided into two
categories: (1) wedge diffraction theory - to treat diffraction
by edges and (2) creeping wave theory - to treat diffraction by
curved surfaces. . The GTD has evolved cons1derab]y from its
original form in References [34] and [35]. Consequently,

- descriptions of the wedge diffraction problem and the diffraction
+ by a curved surface are presented in the following sections.

A. Diffraction.by a Wedge

An asymptotic solution for the diffraction from a con-
ducting wedge was first solved by Sommerfeld [36].  Originally,
plane wave diffraction coefficients as presented by Keller were
used as the solé GTD solution; however, as shown in Reference
[37] diffraction of cy11ndr1ca1 waves 1s necessary in the treat-
ment of antennas.

Pauli [38] introduced'the-VB function as a practical
formulation to the solution for a finite angle conducting
wedge. Recently, however, Hutchins and Kouyoumjian [39,40]
presented a formulation for the diffracted field (Vg), which
s1gn1f1cant1y improves the accuracy over that obtained from .
Pauli's form. This 1mproved diffraction solution [39,40]
provides superior results in the trans1t1on reg1ons (near the
incident and ref]ected shadow boundar1es) It can be written.
in the form -

(1) VB(L;¢,n) = I__(L,¢,n) f I+“(L;¢;n)l}
where
| (25 I (Lyeen) ‘e _(EL i ﬂ/4 a cot(ﬂﬁﬂ#>
jnf2n
jkLa {° é_sz

drt +'[higher-order terms] .




and where the higher-order terms are negligible for Tlarge kL
and with n defined by the wedge angle [WA = (2-n)r]. ‘Also,

= 1 + cos (¢-2nuN) and N is a positive or negative integer
or zero, whichever most nearly satisfies the equations

1]

(3a) 2niN-¢ = -n  for I__

(3b) - 2nN-¢ = +n for I,

The variab]es L and ¢ are defined later.

The three-dimensional wedge diffraction prob]em is dep1cted
in Fig. 1. A source whose radiated E field is given by E'(s) is
located at point s' It can be an arbitrary electric or magnetic
source causing a p]ane, cylindirica], conical, or spherical wave
incidence on the wedge. The diffracted vector field at observa-
tion point s can be written in terms of a dyadic diffraction
coefficient. Kouyoumjian and Pathak [41,42] have given a more
rigorous basis for the GTD formulation and have shown that the
diffracted fields may be written compactly if they are in terms
of a ray-fixed coordinate system. The ray-fixed coordinate

system is centered at the point of diffraction Qg (or points of
diffraction in the case of plane wave incidence). Qp is a unique
point (or points) for a given source and observation point. The
incident ray diffracts as a cone of rays such that the half cone
angle By = B'g, the angle which the incident ray makes with the
edge -(see Fig. 1).

The relationship between the orthogonal un1t vectors "associ-
ated with the ray-fixed coord1nate system (s LB ,¢ 3 S» 8 ,¢) are
given by

i = :;'. R
(4) I=28' x¢'
$'= By X 6,

where 1 is the incident direction unit vector, and g,ié the
diffraction direction un1t vector. The diffracted field is,
now, given by :

5)  Els) = g - Be(s.D) AGs) eIk




o>

‘ 'cone OF
L DIFFRACTED RAYS

- »s!
SOURCE. POINT

SIDE VIEW .

Fig. 1-- Geometry for three-dimensional wedge diffraction
problem. ‘ :




Equation (6) is a dyadic diffraction coefficient as given in
Reference [41,42]. The quantities Dg and Dy are the scalar diffrac-
tion coefficients for the soft (D1r1ch]et) boundary condition at
the surface of the wedge and the hard (Neumann) boundary condition,
respectively. These diffraction coefficients Dg and Dy are
related to the VB function described ear11er by a constant as

JkL

(7) p = Ybe ~
S sing_. B

h- 0

+|.

- For our purpose, it is more convenient to write the diffracted
field in terms of the Vg function in Eq. (7) as*

| ed(s) ] vy o el W
J s
(8) v J—E—f%s— A(s) e Iks
. : ' . . 0
£d(s) o -vyl LE/(q)
where
() VE = Vp(L,e7an) T U(Le"on)

B =

The minus sign (V) applies for the E!fie1d vector parallel to the
edge with boundary condition

Wedge) =0 e - B _ g

(10).  (E|

*If an “edge fixed coordinate system is used Eq (8) takés'the form
of a 3 x 3 matrix. ,
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The plus sign (VE) applies for the E-field vector perpend1cu1ar
to the edge with boundary condition

(1) G% )50 ' . |
an. wedge .

The angular relations are expressed by

(12) e=0 =¢%g -

where the minus s1gn (¢7) is associated with the incident field
and the plus sign (¢*) with the reflected field. The quantity
A(s) is a ray d1vergence factor given by [41 42]

l— p]ane, cylindrica] (s =p0),
_J——- and -conical wave incidence
(13) A(s) =< S : S ‘

S : . ' ..
s(s'Fs spherical wave incidence

rr—__

and L, distanceﬁparamétér; is given by [41,42]
. | )

s sin” B, plane wave incidence
(14) L = ﬁ-f?ﬁ%;, cylindrical wave incidence

. .
L2 . : . :
s's sin Bo conical and spherical wave
S +s' incidence. :

\

For the two-dimensional wedge problem, illustrated in -
Fig. 2, where there is cylindrical wave incidence with By =-90°,
Eq. (8) reduces to give

d . - i '
E|(D’¢) -V 0 Eq(p's0") : i
| ' B " o Ik %#3' -jkp
(15) v T e .
| NI >
ef(os0)] Lo -VillE[(o' 0"

1



In the far field (p>>p') this becomes

q | N DA
_ Ef(es9) Vg 0 || En(e's0") | o~k
(]6) ’d & _ ‘ ’pl eJkp '\F;
ol _
E (059) 0 =Y El(p',¢')
| oo
Putting this in ray form and factoring out =——— , one obtains
- _ . [o]
R(0) Vg 0 | Ri(e")
(17) " »
d +H 1%,
Ry (¢) 0 -V Rl§¢ )

The ray form used here is given by
o-Jke
[

Thus, R(¢) is related to the far field pattern function.

(18)  E(p,e) = R(¢)

For the three-dimensional wedge problem, where there is
spherical wave incidence, Eq. (8) reduces to give

(19)

'. : | i t ] 1 s 1 : 2
Eﬁ(sf 802¢) ‘VB 0 En(s a303¢ ) Jks S S1n BO

s' o s*ts'

v st €

. + i
Ei(s,80,¢) Lo vy Ey(s'.8050")

In the far field (s>>s'), we have

(20)
| Ed(s,8 ,¢) R Y : 2
WE=>2Fe>®7 - {778 | jks'sin“g  ,-Jks
VoL ‘ s'e s
d { + 1 | [} ]
?L(S9803¢) i O 'V EL(S a30f¢ )

12
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-Jjks :
“Putting this in ray form and factoring out = S , 1t is seen that

R”(Bo,¢) *Vé 0 Rﬂ(86,¢"“*”* . '”“fﬁ;'z e e
(21) ’ | N ' e—jks';cos BO

d; - I

Ri(gy-0)d Lo -Vg-iR (B.0")
It is interesting to note-that in the principal plane (B8g = 90°)

the ray form of the three-dimensional case takes on the same form
as the two-dimensional prob]em

The total ray value at the observation po1nt s is given by
the sum of the geometr1ca1 opt1cs terms and the d1ffracted terms

(22): R(s) = R®O(s) + RY(s)
where
_ - _
R'(s) +.§r(s) incident and reflected region I
(23) ﬁG;O'(S)_=< ﬁi(s)' ~ incident region II
| 0 shadowed region III
L

and R"(s) may be determined from the image of the source term using
basic geometr1ca1 optics techniques. These three regions are
illustrated in F1g 2 for a two-dimensional wedge diffraction
problem.

B. Diffrattion by a Curved Surface -

When an incident ray strikes a smooth, curved perfectly
conducting surface at grazing incidence, i.e., at the shadow
boundary, a part of its energy is diffracted intoc the shadow
region. To describe this phenomenon, Keller [43] introduced
a second class of diffracted rays which is now well known as
creeping waves. These ray paths include the points Qy and Q
which form a curve on the diffracting surface, as 111ustrate§
in Fig. 3. However, the actual concept of creeping waves was
introduced by Franz and Depperman [44,45]. The basic concept
as presented in the following discussion is taken firom
"Asymptotic High-Frequency Methods" by Kouyoumjian [46].
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Figv. 2 --Two-dimensional wedge di-ffr‘actibn_ geometry.-
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Q,/ = 2

=" o.bae 97(Q2),
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| dn (Q)) !
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WAVEFRONT

TOP VIEW

SHADOW
* BOUNDARY

WAVEFRONT

DIFFRACTING SURFACE S
)
/ /
DIFFRACTED RAY , P

SIDE VIEW

Fig; 3--Diffractibn by a smooth curved surféce.

The diffraction by a smooth curved surface is shown in
Fig. 3 .in which 0 is the source point and P is the observation
point in the shadow region. Applying Fermat's principle, the
Tine 0Q1Q,P is the shortest distance between 0 and P which does
not penetrate the surface. In detail, a ray incident on the
shadow boundary at Qq d1v1des, one part of the incident energy
continues straight on as predicted by geometrical optics, a
second part follows the surface s into the shadow. region as a
surface ray shedding d1ff"acted rays tangentially as it
propagates where €, f, and D are the unit vectors in the
direction of 1nc1dence, norma] to the surface s and binormal
to the surface (b = £ x ), respectively. The incident field
E'(Q1)1may be reso]ved into its normal and binormal components

and b - E1(Qq)). It is assumed that these two

components induce surface ray fields which propagate inde-
“pendently of each other along the geodes1c arc between Q7 and

Q-
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From Reférence [46] the binormal surface ray field at Q
is related to the binormal component of the incident field at Q7 -

by

¢(Q])

j - i
(24) A(Qq) e =D (Qq) by - E'(Qy)

where Dg(Qy) is the scalar diffraction coefficient for a soft
surface. The amplitude of the surface ray is assumed to be
governed by the conservation of energy between a pair of adjacent

surface rays. Hence, the amplitude behavior of the fields is
given as : '

_ _ - Q,
. - J a(t') dt!
where
dny and dnz = the separation between a pair of rays at

Q] and QZ’ respectively.

the attenuation constant wich is a function
of t, the coordinate along the surface ray,
because it depends on the local radius of
curvature and its derivatives.

alt)

The attenuation constant a(t) is introduced due to .the
tangential shedding of rays .as the surface ray propagates. It
is seen from Fig. 3 that Qo is a caustic of the diffracted field
and the second caustic is lTocated at a distance p from Qs Thus,
the binormal component of the diffracted field which radiates
from Q2 towards P can be found, as in the previous edge diffrac-
tion case, with one of the caustics used as a reference point and
is given by

| B . B - J0(Q,) - e
(26) by - EUR) = Dg(0y) A(Qy) & Y By eI
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From Egs. (24), (25), and (26}, theke'resu1ts

T PES IS | N T

~ B,
-j[k(t+s) + I alt") dtj
O

e

It is found that by - Eq(Q ) excites an infinity of surface
ray modes each with its own diffraction coefficient and attenua-
tion constant. Thus, the expression in Eq. (27) is replaced by

o>

(28)

A :
m e af]
z Dsm(Ql) Dsm(QZ) € 1
m

Equat1on (28) relates the diffracted field at P to the 1nc1dent
field at Q] for the soft surface boundary condition.

_ An expression similar to Eq. (28) is also obtained for the
normal. component 6f the incident field; in this case, the scalar
diffraction coefficients and attenuation constants for the hard
surface replace those of the soft surface. Therefore, the vector
diffracted field at P can be written in terms of the electro—

- magnetic f1e1d incident at Q] as

(29) E(P) = [3261 v(],2) + bzb] u(1 2 } . Ei(])\}gr%_;_gy o~ Jks

in which v(1,2), u(1,2) are equal to »

: j—a_; . - J am(t') dt'

(30) ﬁ;e?"t I D1 py(2) e ]
: M

17
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with the subscripts h, s, respectively, added to Dy and ayp.

"Note that Q1 and Qo have been replaced by 1 and 2 for the sake
of brevity. Finding dny, dnz, and p is simply a matter of
differential geometry involving the rays and surface; this is
discussed at length in Levy and Keller [43]. The genera11zed
diffraction coefficient and attenuat1on constant can be . found in
Reference [47]. .

The diffraction thus far discussed is applied to the open
curved surface. For a closed surface, each surface ray mode
produced at Qy encircles the surface an infinite number of times.
The length of the surface ray path for the nth encirclement is
t+nT where T is the circumference of ‘the closed surface. These
multiple-encircling rays may be summed to contribute’

T
-3kT. - I am(t') dt’
11 -¢€ 0 )

to the denominator of the diffracted field. It is interesting to
note that there must be another pair of diffraction points, Q3 and
Q4. for the closed surface as shown in Fig. 4. Therefore, the
field at any point P in the shadow region is the sum of these two
diffracted fields from Q1-Qo and Q3-Qq. The total field at any
point in the illuminated region is, by the superposition principle,
the sum of incident, reflected and diffracted fields. A detailed
discussion of this subject can be found in Reference [47]. :

¢, Diffraction by an Infinitely
Long.E]]iptic,Cylinder

An important special case of this GTD solution is the one in
which the antenna is mounted directly on the curved surface. This
is especially true for our purpose, since the radiation from slots
and monopoles mounted on smooth curved surfaces is pertinent to
the design of flush-mounted antennas for aircraft and spacecraft.
Recently, Pathak and Kouyoumjian [48-51] have extended the GTD
technique to treat the radiation from apertures or slots in convex
~perfectly conducting surfaces. This extension of GTD has. been
successfully applied to circular and elliptic cylinders, spheres,
and spheroids. A similar GTD analysis of the radiation from
monopoles on a convex surface has, also, been recently completed
by Pathak and Luebbers [52] with the same degree of success.

18
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Fig. 4--Diffraction by a smooth,c]osed cy]indriéa] surféce.

The GTD solutions for analyzing the radiation of antennas
mounted on convex surfaces are found from asymptotic solutions
of appropriate canonical problems [48-51]. In the deep shadow
region, the surface rays excited by the antennas account entirely
for the field there; whereas, the geometrical optics ray field
adequately describes thé field in the illuminated region (for
sufficiently large closed convex surfaces, the contribution from
the surface rays is negligible). 1In the transition region
adjacent- to the shadow boundary, the Fock-type functions are
employed to describe the field. This field reduces uniformly
to the surface ray and geometrical optics solutions outside the
transition regions. ‘ This modification in the transition regions
is required since the ordinary ray solutions fail therein.
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Using the GTD solution, a launching coefficient is intro-
duced to relate the antenna field to the boundary layer surface
waves which propagate around the surface along geodesic paths.
Energy is continually diffracted by the surface wave in the
tangent direction to the propagation path. This diffracted
_energy is related to the surface rays by a diffraction coef-
ficient which is dependent on the surface geometry at the point
of diffraction. The surface wave energy decays along the
geodesic path in that energy is continually diffracted. This
decay is. expressed by an attenuation coefficient which is
dependent on the surface geometry along the geodesic path.

The GTD solutions for infinitesimal slot and monopole
antennas mounted on an elliptic cylinder as shown in Fig. 5
are given, with torsional effects included [49-52], by:

A. Monopole Case

Lit Region
(31) E = - sin ememF(source)

Transition Region

(a) Lit side

“ilks, + £%/3)

- F (tangent)

§*(e) e
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L ¢ | .—MONOPOLE
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(a) GEOMETRY OF MONOPOLE PROBLEM

S;J’/SLOT N 7
R | -6
5 \
P\
GEODESIC PATH

END VIEW .~ GEODESIC START ING
-y DIRECTION

(b) GEOMETRY OF SLOT PROBLEM

Fig 5—-Geometry of antennas mounted on an 1nf1n1te1y long :
-elliptic cy11nder
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{b) . Shadow side v :
5 /6 .
(33) E‘;J::E{gs(9> ] n g*(g) +
4 1°g(q")

N : 1/3
o [I (i)
(sg") (Q') Pg(Q")

- F (tangent)

Deep Shadow Region

(34) . E-= § [ i EJ +.b .(sgn) -%%%~% —j E?} . Fj (tangent)

B. Slot Case ’

Lit Region
(35) E = [(é] sin 8 - ;2 cos B) x ;]- F (source)

Transition Region

(a) Lit side

N
(36) . A; -5-‘{ﬁ [§1n a. Cos B -

ﬁ"x ; .
——9 1 cos a_ sin é]g*(&)
|z xAso$ 5
. ; ' 1/3
2 Q) ( J
Pe(Q) [_;1(94”3 k"g(o
| .. “jlks,_ + £3/3) -
sin as_sin Bg*(e){ e 0 « F (tangent).
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"(b) éhadow éide | _
(e Ve T e e e
. T = - 0 9{9) - - _ *{ - )
(37) E_'— 5 ‘ & [?9(0-')} n [sin (ag -8) g*(2)] :

. Eﬂgg')_ '— . __2~__'_1/3> ) e
+b[pT(Q') ( v Jl:kpg(ou) J sin Qg Sin gg (E)

cetdke (tangent)

-Deép Shadow Region

. _ ; ~ ) " p ' . ‘- . .
~(38) E = J— [Z nj sin(a_ - B) Eh + b, —Qigf)-sin a. Sing E?J

where

@ m=0 s
s dwo' | -fy;(z)dz
=g I DlLye
v oomg MW

%l . (j:,l X»EI) l-
It - (n' x 2')]

¥ l J' '——¥7T_') dl" for{ .
- g\ 2 rga) shadow side

g*(-),g*(-) complex conjugates of the Fock functions [48]

sgn =

o™
1]
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B % norma1 binormal, and tangent unit
vectors to the surface, at source point Q'
and diffraction point Q, respectively.

= >
o>
rf)

F(+) phase factor required to refer the phase
- of a ray to the center of the coordinate
system
|dwo/dw spread factor and equals unity for this
: case [48]
0P longitudinal and transverse rad11 of
9t curvature
2',%' ' unit vectors in the principal direetions
' invwhich the geodesics have no torsion
;0' ~unit vector pointed from the source to
_ - the observation point
So the distance from the source to the

observation point

Note that the superscr1pts h and s indicate the hard and soft
boundary conditions, respectively.

The Taunching coefficients are given‘by [48]

1/3 :
L =[ i(n/12) (kz ) A'-(-Em)]
' P ! I at the source Q'

s _ [ -i(x12) s(z ) |
L> = [ne D [+ A.(-q )
m m kpg -1 ™J 3t the source Q"

where_Dm is defined in Table I.  The subscript m refers to the
h mode of the boundary layer surface wave. Thus, yp is the

propagat1on constant for the mth mode surface wave such that

Ym = op + jk, where op is defined in Table I. The quant1ty

A is the root of Miller- type Airy funct1on A ( am), that is,

A1( -Qn) Similarly qm is the root of A:( the derivative

of A; T w1th respect to the argument o} the A1ry function.
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The incremental arc']ength along the geodesic path is expressed
by d&. The summation over j in the shadow region indicates that
several terms can contribute in that region. It is noted that for

a slot oriented at 45° with respect to the z-axis, Eqs. (36) to T T

(38) are not ‘sufficiently accurate for calculating the radiation
pattern as a function of ¢ where 6 = 45°. For this special case
and for cases sufficiently close to it, an additional correction
term EC should be included as indicated in Reference [50,51].

One must first find an efficient solution for the geodesic
paths on the elliptic cy11nder surface in order to analyze this
problem successfully using GTD. A preferred coordinate system
for the elliptic cylinder is illustrated in Fig. 6 and defined by

X = d cosh u cos v

= = ag cos v
(39) y = d sinh u sin v = be sin v
z=1z

where 2d is the distance between the foci of the ellipse.

Note that for u = uf, where uf = tanh=!(bg/af), the preceding -
equations define an e]]iptica] surface. Thus, any point on
the elliptical surface is expressed by v, wh1ch varies from
OtO 2m,

Us1ng the calculus of var1at1ons, the geodesic paths on
an e111pt1ca1 surface are given by

(40) oz = — J fz v+bf2cosz'v dv
- 1 - ¢c? |

Note that vj 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 (ag) as shown in

-Fig. .5, then C .= -cos ag. The advantage of this geodesic
o]ut1on lies in the fact that the integral can be quickly

evaluated using numerical techniques. The important parameters

of this problem are Tisted below: '
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Fig. 6--Diagram showing the elliptic cylinder coordinate sysfem.

H v . '

-C0S « f

= S - 2 .2 2 2

Z = 15 ds Jv. \/af sin- v + bf cos” v dv
i ' : _

(geodesic equation)

P
|

v .
f
Tg%ﬁj;gr j ' \/af2 sinzvv + bf2 cosZ v dv

Vs _
(arc tength)
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>

- %] +
ag sin vx bf cos vy

e =
1 . .
2 .2 2.2 . o R
J ag sin" v + bf cos” v | - ,
(curvalinear coordinates)
t = sinace; - cos ae, (unit tangent vector)
- bf cos vx + a% sin v& . _
n = : (unit normal vector)

~J af2 sin® v + bf2 cos? v

>

- = - u - ..u
b}_ txn cos Se] sin Se2

- (unit binormal vector)

_ '(a%Z sin’ v + bf2 cos? v)3/?
Pg = —
agbe sin o

(Tongitudinal radius of curvature).

Using the preceding relations, one can employ (31)-(38) t
determine the total radiated fields in the whole space except for
two small sectors around the cylinder axis where ag is near 0 or -,
since the solution fails in these reg1ons

D. Near Field Scattering by a
Finite Bent Plate :

The near field scattering by a finite bent plate is a
re]ative]y new topic at higher frequencies where the plate is
1arge in terms of the wavelength. . The solution presented here
is a practical application of the three-dimensional wedge dif-
fraction theory given earlier. The source is defined by its
Tocation and far-field pattern. The far-field pattern of the
source is appropriate in.that the p]ate is located at least
2D2/x away from the source where D is the maximum dimension of -
the source. The finite plate is simply specified by location
of its n corners. The junction edge is defined by the first
corner specified plus an additional corner (MC) defined as input
to the computer program. The plate is initially flat (o = 180° in
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Fig. 7). It can then be bent about the line joining corner #]1
and MC such that 90° < o < 270°. :

STATIONARY

X SOURCE
LOCATION

o (Xg,Ys y28)

o MOVING
%Z ‘ SRR S PLATE

Fig. 7--Bent plate geometry.

It is known that for a given scatter direction there is only
one point along an infinitely long straight edge at which the
diffracted field can emanate for a near zone source. Thus, this
point must be found for each of the n edges that describe the
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finite p]éte; There are many ways of finding this diffraction
point, one of which is described here. Since it is known that

. By = B, (see Fig. 1), it is obvious that

(41) ey T=ey - d

where ey, I, and d are, respectively, the mth edge unit vector,
incident direction unit vector, and diffraction direction unit
vector. Since the scatter d1rect1on is known (6g,¢5), the
value of €y - d = cp is easily computed at each edge. One needs
only search a]ong the edge to find the point where en 1= Cpw
: Once the d1ffract1on point is located, one must find the
diffracted field value from the mth edge. The far field pattern -
of the source can be written as o ’

-JkS g -JkS
= (6 ¢) &

(42)  Eg(0,6) = [0 F(0,) + 66(0,8)] ©

where s' is the range from the source to the field point. Using
the geometry illustrated in Fig. 7 and app1y1ng the results
presented earlier, one finds that .

d - .
RS -Vg 0 R, o o
: o | | | - -3Lk(s" - ) kel
o] ALd . + i
R¢ 0 - -VB Ry
whére o
R P
Ry = E(ei’¢1) " B
i a
Ry = R(045¢5) - ¢
- , a2
kppv— ks' sin Bq
Y | = x-dp sin 8 cos ¢ + ydp sin es sinv¢s +-zdp cos es
; — | i ) ’ . -
Vg = ! pp/k 500", 2) FVglk o/k , ote', 2)
& = i Xfé '

o .0
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The cdordinate; (xdp’,ydp’ de) define the point of diffraction.

Once these terms are determined, the total diffracted field
in ray form from a general mth edge is given by

(a8)  R%e . 4 =

where % =d x éo Using the superpo§1t1on principle, the total
s1ng1y diffracted field in ray form by the n edges of the p]ate
is given using Eq. (44) by

(45) R™ (e ¢S).= Z RO (6. ¢)

The first step in calculating the reflected field is to find
the Tocations of the image sources, which are uniquely determined
once the planes of the flat plates are defined relative to the
source location. In fact, the image is located along lines which
are orthogonal to the different portions of the plate and posi-
tioned an equal distance on the opposite side of the plate.

With the image position known, one needs to determine if the
reflected field contributes to the total scattered field using
the geometrical optics approach. If the reflected field is a
contributor, the ray from the image source in the scatter direc-

“tion (6g, ¢g) must pass through the finite plate Timits. Thus,
one must find the location of the intersection point of this ray
and the plane containing the flat plate. This can easily be
accomplished using vector analysis. One can, then, predict .
within certain limits whether this intersection point falls
within the bounds of the finite flat plate.

If reflections do occur, the reflected field from the image
source can be written in ray form as

(46)  R(eg, o) = [8" F'(o , 6.) + o" 6 (83, ¢)]

: L <l + v. sSi i + Z.
. eJk[X1.S1n 6 COS ¢ +y; sin.6, sin ¢, + z; cos es]

where 5 and ; are related to the image source coord1nate system
with the image Tocation defined by (x5, Yis Zj ). The functions
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s ¢S) and G'{(e ¢, ¢c)] are found by employing the boundary
cond1%1ons on the perfect?y conducting flat p]ate The total

scattered f1e1d from the_flat plate_is;_then,_given_ byngﬁvgﬁ B

> >

(47) R%(eg, o) = R

>

d;. - re.
(G ¢5) + R (e, o)

The four basic terms included in the present solution are as
follows:

(a) sing]e(d;ffraction of incident field as shown in
Fig. 8

(b)  single reflection of incident field as shown 1in
: Fig. 8(b) '

(c) 'double ref]ect1on of incident f1e1d as shown in
Fig. 8(c) _

(d) single diffraction of ref]ected field as shown in
Fig. 8(d). :

" Each of the terms has been illustrated in a two-dimensional view
just for simplicity in illustrating the mechanisms; whereas, the
actual solution is for the three-dimensional geometry. These
terms have all been incorporated in a general bent plate solu-
tion. Note that only those terms are included which are not
shadowed by another portion of the bent plate.

The accuracy of this solution is illustrated by the example
shown in Fig. 9 where it compares very. favorably with measured
results taken for a A/2 dipole illuminating a flat plate. This
solution is also. compared with results obtained using a moment
method patch techn1que [50] as illustrated in Figs. 10 and 11.
Note that for these comparisons the plate dimensions are quite
small in terms of the wavelength, which accounts for the small
discrepancies in the patterns between the two solutions. This
structure will be ‘incorporated into the aircraft model of
Chapter III in order to-account for bent wings, moving flaps,
vertical stabilizer, etc.
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Fig. 8b--Single reflection of incident field.
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CHAPTER-TII — =

MATHEMATICAL MODELING OF AIRCRAFT
FOR PATTERN COMPUTATIONS

In this chapter, the mathematical modeling of an antenna
on an aircraft is described. This mathematical model is intended
to be as simple as possible so that it can be used to simulate a
wide variety of aircraft structures, yet accurate enough that the
computed radiation patterns are comparable to measured results.
The model is systematically increased in complexity to resolve
“discrepancies between calculated and measured results, yet basic

simplicity is retained. One of the restrictions in the model is
that. the antenna under consideration is located near the top or
~bottom of the fuselage surface.

This chapter begins with a brief review. of the analyses
using the elevation plane model and the roll plane model. This
'is followed by solutions for the volumetric patterns of antennas
on a three-dimensional aircraft structure. . The approach used to .
model the aircraft by two elliptic cylinders is explained in detail.
The numerical technique to generate the necessary elliptic cylinders.
is also discussed. Finally, the radiation patterns in principal
planés for various cases are calculated to illustrate the versa-
tility of the newly developed solutions. ' :

A. Analysis of Elevation Plane Model

In most cases, the dominant structural effect in the
elevation plane is the profile of the aircraft for fuselage
mounted antennas. - An aircraft fuselage is usually a convex
body that cannot be completely described by simple mathematical
equations. Hence, in practice, an aircraft shape is often
specified by points. Consequently, a method called "section
matching. method" has been developed [28] to handle the problem of
an antenna mounted on ‘a fuselage surface of general shape.
However, this method is restricted to principal plane pattern
‘calculations. For off-principal plane pattern calculations
~ the method is hard to apply, since a complete three-dimensional
description of the fuselage surface is difficult to obtain.
Furthermore, the lack of information on the geodesic paths and
torsion effect of the curved surface create serious problems in
the prediction of antenna patterns. Consequéntly, a simple
model which simulates a general fuselage profile has been adopted.
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Since an aircraft fuselage is usually long and slender, a
composite elliptic cylinder appears to be a good model. This
model consists of two semi-elliptic cylinders mounted back-to-
back as shown in Fig. 12. Note that as discussed in the last
chapter, the model employed here is not limited to the determi-
nation of the elevation plane pattern only. It can be used to
determine off-elevation plane radiation patterns also.

Recall that the solutions presented in the last chapter are
based on elliptic cylinder models; however, one of the advantages
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 GID solution in the 1it
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 transition
and deep-shadow region solutions are modified due to their dependence
upon the surface parameters. This modification requires that one
use bg = b' for rays traveling to the right of the junction and
bf = b for rays traveling to the left of the junction. The parameters
b-and b' are illustrated in Fig. 12.

< W;z

ﬁ |

. - x
FIRST ANTENNA LOCATION !
(FORWARD THE WINGS) . __SECOND, ANTENNA

LOCATION { ABOVE THE
N ( WINGS )
jyo=3.75° ——
. N . . :
"bmg® . b'=60"— ' '

Fig. 12--Theoretical model of KC-135 aircraft.
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Since the model employed is a composite elliptic cylinder,
the surface curvature at the junction line is not continuous due

to- the different -dimensions of -the elliptic-cylinders~ To-ensure — -

the assumption made earlier that no diffraction occurs from the
junction line, the solution presented in Section (€) in Chapter

Il needs to be modified to correct for the difference in curva-
ture when the surface wave crosses the junction line. Since no
GTD solution for this problem is available at present, an alternate
way to account for the continuity of the surface wave crossing the
junction Tine is necessary. It is noted that due to the large radius
of curvature at the junction Tine in our model the reflection
effect is so weak that it can be neglected. - A way to treat the
continuity of the surface wave across the junction is investigated
next. ' :

Consider a source located on a composite elliptic cylinder
as shown in Fig. 13. The field diffracted by a curved surface
can be written, according to Eq. (34) for hard boundary con-
ditions and with only the firs6 mode retained, as

| S NECEE DR
(48) - E=CL(Q") D(Q) e U

where C is a complex constant. This result indicates that the field
diffracted from the curved surface is related only to the launching
coefficient at the source point and the diffraction coefficient at
the diffraction point. Thus, when the diffraction point is on the
right half elliptic cylinder, the field is given by

S - JQ' (o + jk) ds
(49) E = C L(a,b) Dy(a,b') e Q o

note that a and b are the semi minor and major axes of the left
half ellipse and a and . b' are the semi minor and major axes of
the right half ellipse, respectively. Similarly, the field
diffracted from point Q on the left half ellipse is expressed as

Q
: ' - J . (o + jk) ds
(50) ~ E=C L(a,b) Dy(a,b) e
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At the junction, Eqs. (49) and (50) become

e

(51) £y =CLiab) Dylap)e O
and 4 .
J
| ] f o+ 3K ds
(52) E; = C L(ash) Dyy(ab) e T .

respectively; where the subscript J denotes the Junct1on.

It is noted that Eqs. (51) and (52) do not agree: ‘with each
other which indicates a discontinuity exists in the diffracted
field. However, this is not true in practice, since the field
must be continuous as the diffraction point crosses the junction.
Comparing Eqs. (51) and (52), one notes that if a modification
factor - .

D1J(a,b)

DZ‘J(a,bI 5
is intrbduced, the field is continuous as the diffraction point
crosses the junction. Thus, Eq. (48) is modified to give

Q _
D]J(a b) i Jq. (o + 3k) ds
(53) E"C ——(a—b—,)— La b Dz(a,b').e |
Notice that Eq. (53) is valid only for the surface wave which
crosses the junction, i.e., the diffraction point and source -

point occur on different elliptic cylinders.

- From Tab]e‘I, one sees that the factor introduced in Eq.
(53) can be simplified to give

: D, (asb) [Py (asb) V6 [b V3
(54) 1J J )
DZJ(a,bT) ng(a b')

whiéh depends only upon the ratio of the two semi-major axes
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of the composite ellipse. For a continuous elliptic cylinder,
this factor reduces to unity as expected. Note that_Eq. (53)
can be generalized to describe the field d1ffracted from an
arbitrary point on the curved surface as

- JQ. (o + jk) ds
(55) E=cL@)D@pe ¥

where r

1 if Q anva' are on same elliptic cylinder

(56) P = ‘ |
QJ(9111pse with source) 1/6 .
otherwise.

ng(e111pse wi thout sourceS

X«
In a-similar manner, this factor can be determined through

the field express1on in the transition region as presented in
Chapter II and is found to be the same as Eq. (56).

To illustrate the newly modified solution, the elevation
plane radiation patterns for antennas mounted on the KC-135 air-
craft are now analyzed. Since the antennas of interest are located
on top of the fuselage and along the center Tine, 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 3.75" by 60" right semi- e111pt1c cylinder
and an 3.75" by 8" left semi-elliptic cylinder as shown in Fig. 12.
Using Eqs. (31) to (38) in Chapter II with the modifications just
described, the radiation patterns in the elevation plane for
antennas mounted on our model can be easily determined.

The elevation plane patterns for a A/4 monopole mounted
forward and over the wings are illustrated in Fig. 14 (a) and (b),.
respectively. The patterns for a circumferential KA-band wave-
guide are illustrated in Figs. 15 (a) and (b). Finally, the
results for an axial KA-band waveguide are shown in Fig. 16 (a)
and (b). The KA-band waveguide aperture fields are simulated in
our model by an array of 1nf1n1tes1ma1 elements as shown in Fig.

17. _
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Fig.14b--Elevation plane pattern for a A/4 monopole mounted above
the wings on a KC-135 aircraft. (No radome and vertical
stabilizer included). ‘
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The comparison between calculated and measured results is
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 nose section and the
vertical stab111zer which are neglected in the present theoretical
model.

In the preceding analysis, the effect of the aircraft in the
nose of the radome was neglected. In order to simulate a fuselage
with a radome, a truncated composite elliptic cylinder model as
shown in Fig. 18 is adopted. This is based on experimental data
that the radome effect appears to be a diffraction from the bulk
head as if the radome were not present.

Before proceding to solve this problem, by careful consider-
ation it can be converted into a simpler problem. With the fact
that a slot or monopole radiating in the presence of a composite
elliptic cylinder can be considered as an- antenna itself, the
present problem can be approximated by the radiation problem of
an equivalent antenna mounted on a wedge type structure as shown
~in Fig. 19.where the antenna is mounted on the bottom of the
fuselage. This equivalent antenna radiates the same pattern as
that of a slot or monopole mounted on our previous model without.
the radome considered. The wedges are formed and defined by the
tangent planes at the discontinuities Q) and Qo. Thus, the
radiation problem of a fuselage model with a radome included
is transformed to a wedge diffraction problem, and can be so]ved
using standard GTD techniques.

Figure 19 illustrates the necessary components of the total
electric field in the different regions given by

qu + Ed + Fdd m-¢,,150<ms ¢=0
| g9 + gdd 0<6<m-¢ q56=0
=t
(57) E" = 7
o o Ed'd Oiein-'¢d.’2,¢=1r
=i =d =
Eeq + E T-¢ -lieiﬁ,dJ—‘lT

Note that E is the radiated field of the equ1va1ent antenna
descr18ed aggv is the singly diffracted field from edge 1
and E99 is the d1ffracted field from edge 2. It is noted that
the contributions from any other higher order diffraction terms
are so small compared to single and double diffraction that
they are ignored for our purposes.
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51



Using Eq. (57), the elevation plane patterns for the space

- shuttle as shown in Fig. 20 with the radome included are calcu-
lated. Figures 21 to 23 illustrate the radiation patterns for both
vertical (monopole and circumferential waveguide) and horizontal
(axial wayeguide) polarization sources mounted on the fuselage of
the 1/35th scale model of the space shuttle with the. radome considered.
The structure used to simulate the 1/35t th scale model consists

of a 2.55" by 12.5" left semi-ellipse and a 2,55" by 60.0" right.
semi-ellipse. The size of the radome is 6. 5" and the source is
mounted 2" away from the radome. Figure 24 shows the radiation
pattern of the space shuttle with radome size being 2" and

antenna mounted 1/2" away from radome. Note that the waveguide
used here is the same KA-band waveguide used previously. The
-experimental results, which were taken at NASA (Hampton, Va.) at

a frequency of 35 GHz, are also presented. The agreement between
calculated and measured results illustrates the applicability of
the numerical analysis technique being developed in this study.

Note also that although the elevation plane model can be used
to compute the elevation plane pattern as well as off-elevation
plane patterns, it is found that for our fuselage model, this
model can only be used to compute the off-elevation p]ane patterns
accurate]y up to approximately ¥30° from the elevation plane.

B. Analysis of Roll Plane Model

The basic aircraft to be analyzed in this section is composed
~ of flat plates attached to an infinitely Tong elliptic cylinder.
Originally, a circular cylinder was used to represent the fuselage
[27], and the modal solutions were employed to determine the
field. However, an aircraft cross-section is not circular in
general. To be able to predict the radiation pattern more
accurately, one has to consider a better model for the fuse]age
.approx1mat1on )

Since the roll plane cuts orthogonally across the fuselage,
one should expect the fuselage cross-section to have a strong
effect on the roll plane pattern. On the other hand, an aircraft
fuselage is normally long and slender, such that its finite length
effects are generally secondary. Consequently, the infinitely long
elliptic cylinder representation of the fuselage for roll plane
calculations appears to be a reasonable approximation in most
cases. Since the antenna can be arbitrarily positioned on the
fuselage with respect to the wings, one must consider the width
of the wing as well as its length in order to obtain a practical
analytic model. 1In order to accomplish this, the near field
bent plate scattering solution is adapted to this new model
such as illustrated in Fig. 25. Note that the wings are
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Fig. 20a--Scale model (1/35) of Space Shuttle in Anechoic
Chamber at NASA, (Hampton, Va.)..
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. assumed flat here and each wing can be Tocated arbitrarily .
with any number of edges. The wings, also, can be mounted up
or down from the central Tocation provided that the wings are
hor1zonta1 '

The model, now, consists of an-infinite]y long elliptic
cy11nder fuselage to which finite flat w1ngs are attached. The
various configurations analyzed are shown in Fig. 26 1ook1ng
from the front of the aircraft with the antenna mounted in
each case abovée the wings for the models illustrated. Using
these models, one should be able to analyze a wide variety of
aircraft shapes. This is verified by a comparison of results
taken on actual aircraft scale models and presented later.

Let us first find the effective source location for the
reflected field. Recall that in the flat plate result, the
source was imaged and the reflected field added to the total °
solution provided the image ray passed through the finite -
flat plate (wing) limits. One must initially determine ‘the
effective source position and then the reflected field. ‘With
the source mounted on an infinitely long elliptic cylinder,
the surface rays from the source. propagate around the cylinder
along geodesic paths, from which energy is continually diffracted
tangentially. Now let us assume that the source does not illumin-
ate the right wing directly (as illustrated in Fig. 25(a)) and
proceed to determine the unique geodesic path that diffracts
eénergy -from a known tangent point which is then reflected off
the wing in the desired radiation (or scatter) direction.

The effective source position for reflections from the right
w1ng in terms of the radiation direction (es, ¢S) is given by

L Xg = 8¢ COS V,
(58) Yo = be smvve
‘ Ve - : . _
_ o 2 .. 2 2 2 ' -
z, = cot 0 .Jv Y[_af sin” v + bf cqs v dv +;Zso

SO

where ve = tan'](bf/af cot ¢5). These coordinates can, then,
be used in the flat plate problem as the effective source loca-
tion. 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«effect1ve source location’is simply the actual
source Tocation (uf, Vg, Zsg). A result similar to Eq. (58)
can be found for t e re 1ect10ns from the Teft wing. Finally,
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Fig. 26'--Fuse.'lyage_éhd wing dgeometry for theoretical aircraft
~model Tooking from the front. The antenna is always
mounted on top of the models. ‘
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the actual source field value used to compute the reflected
term is determined from the GTD solutions in Chapter II.

Using a similar technique, the effective source locations
for the diffracted field components may be found. The bent
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) i
specified along the edge, one can find the effective source
Tocation (xe, ye, zg) using the geometry illustrated in Fig.
-25(b). Again it is assumed that the source does not directly
illuminate the test point. One finds that the effective source
is given by :

A2+ a2y [222 4 pB2 2,2
L et ARVay 2fg * Pe¥g - 2ebp
e 27, 27
agyq * bfxd
2.2
af Pa - fdJ agrg * bpg - agbr
(59) Yo =
Ve s 122
Ay *+ bexg
; = bexazgly + agZg, (v - ¥l1y
: le bfev f(yd -ye)IV
where

—
I}

Ve '
, 2 .2 .2 2
v Jv ag sinT v +_bf‘cos v dv,

S0
o[22 2 os2 -
IV ag sin Vo F be cos Ve and Ve = tan C( /a) .

. Given the effective source location for the chosen test

point, the search technique is applied to find the actual dif-
fraction 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. (59), and the source field
value is, again, computed using the GTD solutions.
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The total field is found by summing the directly radiated
field with the scattered.field using the.superposition_principle.
The results for a A/4 monopole on the fuselage of a 1/25th scale
model of a KC-135 ajrcraft, as shown in Fig. 12, forward and over
the wings are shown in Figs. 27 (a) and (b), respectively. The
results for a KA-band circumferential waveguide forward and over
the wings are shown in Fig. 28. The results for a KA-band axial
waveguide forward and above the wings are shown in Fig. 29. The
fuselage, in this case, is approximated by a 3" x 3" infinitely
long e111pt1c cylinder. The waveguide antenna is modeled as in
the previous section, and the agreement in each case is very
encouraging. Again, 1t should be stressed that the roll plane
model -solution not only can predict.the radiation pattern
accurately in the roll plane, it also can be extended to cover
almost the conmplete volumetric pattern.as shown in Ref. [30].

C. Three-Dimensional Model
Approximation of an Aircraft

The analytical solutions described in the previous sections
provide a useful, efficient, and economical way for the evalu-
ation, location, and design of fuselage mounted antennas based
on ‘their pattern performance in principal planes. However, if
modern systems are to function properly, the antenna pattern
must meet certain specifications. These specifications are
usually given in terms of a coverage diagram for a particular
sector in space which is to be met with antenna mounted on the
aircraft not on a finite ground plane where the original antenna
~ design was made. Thus, the desire for an accurate solution for the
complete pattern performance of antennas mounted on a complex air-
craft structure for given applications requires a more thorough study
of ways to handle the volumetric pattern.

If this problem is attacked d1rect1y by analyz1ng rays
on complex three-dimensional surfaces as done previously in
Reference [2], the resu]tlng numerical solution would be very
complex, time-consuming, and uneconomical. Nevertheless, if
certain assumpt1ons can be made, the approach undertaken in
the previous. sections can be used to overcome these difficulties
and simplify-the problem a great deal.

~ First, it has been shown by numerous scale model measure-
ments that the roll plane model can be extended to almost .
cover the complete volumetric pattern except for two conical
sectors  (fore and aft) [30]: The limitations of the roll plane
model result are due to the finite length fuselage. Yet, the
finite.length fuselage has been solved, previously, in the elevation
plane model analyses. Furthermore, based on the previous three-
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dimensional studies of geodesic rays which contribute to the
pattern of an antenna on various prolate spheroids, one is
"able to combine the analyses of these two principal plane models
to give the complete pattern. In this study, computer simulation
models were considered that would resemble a wide variety of
aircraft shapes and yet could; also, be analyzed with reason-
able accuracy and economy. In this case, it is quite obvious
that the three-dimensional nature of the fuselage must be
modeled if one is to adequately determine volumetric patterns.

- This resulted in the development of a general surface of
revolution model for the fuselage as presented in Reference
[2]. Through an extensive study of geodesic paths on a surface
of revolution, the number of dominant rays that contributed to
the radiation pattern were shown to be finite except for more
spherical shapes. Furthermore, the computer result showed that, .
for a prolate spheroid, the dominant rays needed to be con-
sidered would not exceed four rays; in most cases, it is even
Tess than that. These four rays are illustrated in Fig. 30
in which two rays are propagating along the cross-section of
prolate spheroid; the other two are propagating along the profile.

X
¢/ URCE

‘ . ‘ . S0 ‘
. : -~ LocATION

DIFFRACTION
POINTS

Fig. 30--The four dominant GTD terms that radiate at
. 8 = 90°, ¢ = 145°), ' R
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To demonstrate the significance of the four-ray contribution,
the elevation plane pattern of an axial slot mounted on a prolate
spheroid was calculated using a two-dimensional (two rays) and
three-dimensional (four rays) solution as shown in Fig. 31.
Experimental results are also shown to verify the calculated
three-dimensional result. It is immediately obvious that the
back Tobe region is not calculated with sufficient accuracy
using the two-dimensional result. However, the three-dimensional
solution is in good agreement with the measured pattern. This
leads to a new approach to handie the volumetric patterns for
fuselage mounted airborne antennas in a simplified and economical
manner.

As determined previously, the roll plane model (infinite
elliptic cylinder with flat plate wings) can be extended to cover
most of the volumetric pattern except for the fore and aft sectors
(about 15° conical sector as shown in Fig. 32). To cover these
sectors, one must incorporate the elevation plane model analysis
with some modifications such that the effects of wings and stabilizers
are also included. In doing so, two different elliptic cylinders are
required to analyze the volumetric patterns; one being the cross-:
section (roll) cylinder and the other being the profile (elevation)
cylinder. This requirement is necessary since our solutions are
based on an infinitely long elliptic cylinder, in which the z-axis
coincides with the axis of the cylinder. v

As discussed in the previous chapter, the most significant
effects on the radiation pattern result from the surface
geometry nearest to the antenna. The curvature of the surface
in the vicinity of the antenna location plays a dominant role
in predicting the radiation pattern. Thus, the elliptic
cylinders used to represent the fuselage profile and cross-
section need to model the aircraft structure as accurately
as possible near the antenna location. Once these two
elliptic cylinders are obtained, one is able to proceed to
solve for the complete volumetric pattern.

To determine the elliptic cylinders necessary to simulate
the fuselage profile and cross-section, one has to find some
way to approximate the curved surface near the antenna location.
One way to achieve this goal is to find an analytical function
which can best approximate the known curved surface profile
(either in elevation or roll plane) in a least mean square error
sense. This leads to the development of a best fit routine
to generate the necessary ellipses for the fuse1age mode]
through the use of a digital computer.
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The theory behind the best fit routine is that a function
is to be found to best approximate a set of points in a least
mean square error sense. For the aircraft model, a best fit
ellipse is desired. The mathematical expression for an ellipse
is : '

2

(60) X_+

o
Nr<r\3
1
—

for its origin located at (x = 0, y =0). The parameters a and
b are semi major and minor axes of an ellipse, raspectively. To
simplify the mathematical expression, Eq. (60) can be written as

(61) AX + BY =1

where X = x2, Y = y2, A= 17 , and B = lé-. Let (xi, yi),
i=1, --- n, be npoints on which a best fit ellipse is to be
generated. Substituting these points into Eq. (6]?, one obtains

a set of n linear equations.

AXy + BY; =1
AXy + BY, =1
CAX FBY =

In matrix form, these n equations become

(62) | IC =1
where
«—x] Y1-
X Y
S
*n Yn |
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and

L ]J’

| n
By multiplying both sides of Eq. (62) by Z, the transposed

of Z, one obtains a simple 2x2 matrix as given by

Y

(63) .

N

2

) X

, m=1 "
or :
§ ,

1 X

m=1 "

"
=71

)

m=1

rn

T

which can be simply solved for A and B in the least mean
square sense [56]. Thus, the ellipse parameters are defined.

‘Before the necessary ellipse or composite ellipse can be

. determined through the numerical process, the data points that -
described the surface of the profile or cross-section of the

To do so, a.reference
Cartesian coordinates system is needed on a scale model drawing

actual aircraft fuselage must be generated.

of the aircraft.

These coordinates can be best located by align-

ing one of the axes with the center line of aircraft fuselage

with the origin being arbitrarily chosen according to convenience.
After the coordinate system is fixed, the positions of data points
on the profile or cross-section can be measured from the scale
model relative to the reference origin. The data points are

taken in such a way that more points are needed around the

antenna location and less points away from the source.

This is

due to the fact that the surface profile is dominant near the
antenna location; as described earlier. Figure 33 illustrates ,
the way data points are taken from a fuselage profile. By feeding
these data points into the best fit routine and adjusting the
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Fig. 33--I1lustration of data poinis taken from the scale
model aircraft for the determination of best fit
elliptic cylinder using a digital computer.
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origin of the coordinates in the routine, an ellipse is found to
best fit these data points. In the same manner, the ellipse to
approximate the cross-section of-aircraft-fuselage at-the antenna . —
location can be obtained. Thus, the elliptic cylinders necessary
to simulate the fuselage profile and cross-section are determined.

Now let us consider how these two finite elliptic cylinders
can be used to describe the volumetric pattern for fuselage mounted
airborne antennas. First, a reference coordinate system is needed
so that the solutions based on our two-dimensional analysis in two
different coordinate systems can be incorporated into a complete
solution. Since an aircraft fuselage is usually long and slender,
its finite length effects are limited to the small sectors off the
nose and tail. Consequently, the two rays which play the most

“significant role normally come from the cross-sectional elliptic
cylinder. Thus, it-seems more natural to have the reference-
coordinate system correspond to the roll plane model coordinate

" system, i.e., the Zyper axis is pointed aft and the Xpef axis is
pointed vertically upward as shown in Fig. 34. Notice that the

origin of the composite ellipse in the elevation plane is chosen
as the origin of the reference coordinate system for convenience.

Recall that the roll plane model is not valid in the two
15° conical sectors in the fore and aft directions. In order to
‘overcome this handicap, a belt region around the antenna source
is chosen such that in this region the solution is obtained using
elevation plane model.analysis. Everywhere outside the belt region,
the rol1 plane model analysis is used to analyze the radiation pat-
tern as done previously. Figure 35 shows the regions in which the
elevation and roll plane cylinder solutions are used. The angle
o is chosen such that the roll and elevation cylinder solutions
blend. smoothly together. In fact, a is a function of the size of
elevation and roll plane cylinders used to simulate the aircraft
fuselage. For most cases in our model, the angle « is set at
20°. This 20° belt has been tested and found to be satisfactory,
based on comparisons with measured results, as will be shown later.

As seen in Fig. 34, the elevation plane model coordinate sys-
tem is such that the Zeley axis points in the Y.of direction. In
other words, the elevation plane model coordinate system is simply
obtained by rotating the XYZpof coordinate system by a 90° angle
about the Xpef axis. Notice. that the antenna here is assumed to be
mounted on the center Tine of the fuselage for simplicity, but this
is not a basic limitation. In order to determine the electromagnetic
fields in a given radiation direction (8g yref, 9o pef) Within the
belt region, the solution obtained through the e?evation plane
model analysis is expressed in terms of the reference coordinate
system such that it can be superimposed with the roll plane
cylinder solution. This requires a coordinate transformation
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which relates the elevation plane model coordinates to the reference
coordinate system. The transformation of coordinate systems is
examined in Appendix I. . . . B i

Notice that the coordinate transformations described in
Appendix I are very important for the analysis. This is especially
true when the antenna under consideration is mounted off the
center line of the fuselage. Using these transformations not only
can the electromagnetic field in the desired radiation direction in
the reference coordinate system be determined through the two
principal plane cylinder solutions, but the polarization problem
associated with the two different solutions can also be easily
resolved without any difficulty. In addition, these transformations
are the foundation on which the volumetric pattern analysis is based.
A detailed discussion on an off center line mounted antenna is
given in Appendix II.

To determine the radiation angle (8pe, ¢pre) in the elevation
plane model coordinate system which corresponds to the desired radia-
tion direction (6yg, ¢rg) in the reference coordinate system,

Egs. (80) and (83) are employed. The subscripts e and o refer to
the elevation plane model and reference coordinate systems,
respectively. By definition, the unit radial vector for a given
direction (6, ¢) is given by

A

(64) R =sine cos¢ X + sin e sing y + cose z

Hence, the spherical coordinates (o

) of the radiation
vector are determined by _ -

re’ ¢re

- a1 Jre
bpe = AN 3

(65)
. re .

2 2 \1/2
-1 ‘(Xre * Yre)

9 = tan
re o Zre

" with the components_xre, Yre and Zre found through
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X | cos ¢ sin ¢, -0

re
=| - 8 sij ;) 'sin 0

(66) Yre cos sTn 4, cos ® cos ¢  'sin O
Z.| in 6 si -sin 6 8

re Lsin 8 sin ¢ sin 6 cos ¢Q cos 6

in @
sin 6, COs ¢,

in 6 .
sin ro sin ¢F0

Ccos ePO

For the case where ¢0 = 0° and 6, = 90° as seen in Fig. 36,
Eq. (66) reduces to <

Xre | 1 0 0 sin ero cos ¢ro
(67) Yre =1 0 0 1 sin 6., sin v
Zre 0 -1 0 cos ero

Finally, the radiated field in the desired radiation direc=
tion can be determined from the field found in the elevation plane
model analysis with an appropriate polarization modification. Thus,
the solution obtained can be incorporated into the roll plane
cylinder solution to form a complete solution for the volumetric
pattern. ’

Let us now consider the polarization effect due to the
coordinate transformation, which is vital in achieving a com-
plete solution. Recall that, in the far zone, the electric field
can be written as '

(68) E=E 6 +E, ¢
or
(69) f=E'§'+Eq'>¢'
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where the primeYSystem'denotES the new coordinate system as-seen

in Fig. 36.. Since the components Ej and Ej are found from the
- elevation plane solutions, the corresponding Eg and E4 in the

desired coordinate system are yet to be determined. If one
-takes the dot product of Eq. (69) with the unit vector o,

the
6 component of the electric field results, i.e.

(79) . Eg <E (8- 8) +E (4" - 0)
Similarly, the ¢ component can be found as

A ~ ~
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Thus, the polarization of the radiatéd fie]d in terms of the
reference coordinate system can be properly determined.

Before the roll and elevation plane model solutions can be
combined together, one must be concerned with the alignment
of the surface normal at the antenna location in the two
analyses. For an antenna mounted centrally on the fuselage, the
surface normal points vertically upwards in the roll plane model
analysis; whereas, in the elevation plane model it points in a
~ direction normal to the profile surface at the antenna location.
If the normals do not align properly, the two solutions would not
match to give a complete and continuous solution. Consequently,
the roll plane elliptic cylinder needs a tilt such that the normal
direction is common to both solutions. It is noted that a radial
monopole is mounted paraliel to the surface normal at the antenna
location on the aircraft fuselage..

To accomplish this alignment, the Xygl1 axis of the roll
plane model coordinate system is chosen to Tine up parallel with
the normal to the surface at the antenna location on the elevation
composite elliptic cylinder as shown in Fig. 34. The tilt angle

By57¢ 15 found to be
( 2
a_ 7 '
tan'1(————b§ Xs ref) if ZS rof is negatiye
e s ref
(72) B4y T X
' 2
: a~ 7
tan”! b‘g XS ref.> if I, .o¢ iS POSitive
e s ref

where Xg pef and Zg pof are the coordinates of the antenna source
relative to the re?erence coordinate system. The quantities ag,
be, and bg are the necessary parameters for the composite elliptic
cylinder model for the elevation plane model analysis. Notice that
the origin of the roll plane cylinders is located a distance a,
directly under the antenna. Again, the quantity ar represents an
axis of the roll plane cylinder.

It is also noted that, the parameter a, is not equal to
Xs pef which is the height of the antenna on the elevation
composite cylinder model. This is due to the fact that the
two elliptic cylinders used to approximate the fuselage profile
and cross-section do not match to give the true representation

82



of a three-dimensional aircraft fuselage. Hence, to obtain the
necessary roll plane model solution, a coordinate transformation -
similar-to-that-of -the: -elevation-plane- modet-analysis—described— — ——————
above is needed. The required rotation angle (8g, ¢g) of the roll '
- plane model coordinate system is found to be

(73) % = Stitt

¢, =0

for a eentral1y mounted antenna. S1nce the 6ti1t. angle is
rotated about the y'-axis, Eqs. (80) and (85) sha]] be. used

One last note for the comp]et1on of our solution is the :

- phase reference prob]em For .both elevation and roll p]ane mode]
“analyses, the origin of the individual coordinate system is

chosen to be the phase reference point. Hence, ‘the result

obtained through these two principal plane model analyses needs to

be mod1f1ed so that a common phase center can be utilized. For

convenience, the origin of the reference coordinate system is

selected as the phase reference point for both models. In this

way, the solutions blend smoothly together to form a complete

result for the three-dimensional geometry under consideration.

For each of the two solutions just described, only two
rays are considered.. This is due to the fact that theére are
only. two dominant rays which propagate around an electrically
large elliptic cylinder. Recall that four dominant rays .
contribute to the radiation pattern in the shadow region for an
antenna mounted on a prolate spheriod. To account for these
four rays necessary for the radiation pattern in the shadow
region, -both elevation and roll plane mode] resu]ts are needed
in the pattern ca]cu]at1on

In add1t1on, the. three- d1mens1ona1 effects of wings and
stabilizers are, also, considered everywhere such that the rays
reflected and d1ffracted from these scatterers can be included.

The contribution of wings and horizontal stabilizers are
handled -in the'same way aS'done previous]y

The effect of the cockplt/radome section is determined
using flat plates attached to the fuselage just as the wings,
-Since computat1on time in analyzing a real cockpit radome '
section is so great, it is apparent that a simple model is needed.
Originally, a finite bent plate approximation of the cockpit and-
nose section was considered because of an experimental investigation
of radome.  This resulted in a truncated fuselage model as
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discussed in Reference [31]. However, the radiation pattern cal-
culated using a flat plate model compared very favorably with the
bent plate model. Hence, the flat plate model was adopted not
only for its simplicity in analysis but, also, for its reduced
computer running time. Notice that the p1ate.1s mounted at
arbitrary angles re]ative to the cylinder to simulate the cockpit/
radome section as seen in Fig. 34 (a). This is an improvement
over the previous roll plane model where the wings are restricted
to be horizontal.

Similar considerations were made in studying the vertical
stabilizer which resulted in the selection of a bent plate
model. Thus, the scattering effects of the cockpit and vertical
stabilizer can be taken into account very simply. The theoretical
model as shown in Fig. 34 (a) is an illustration of the analytical
simulation of an actual aircraft. With all the necessary mechanisms
being completed, the radiation and scattering by the fuselage, wings,
cockpit, and stabilizers can now be calculated. Finally, the
volumetric pattern of a fuselage mounted antenna is obtained
by -summing the direct field from the source and the reflected
and diffracted field from the various scatters.

Before it can be used to determine the volumetric pattern
for an airborne antenna, this newly developed solution must be
tested and verified. The elevation pattern of an axial slot
mounted on a prolate spheroid, thus, was calculated and is
presented in Fig. 37. The comparison between the measured and
ca]cu1ated results is very persuasive. This particular problem
is an effective test in that it illustrates the accuracy for
the limiting case of a small nearly spherical obJect as opposed
to the large cylindrical aircraft model.

To illustrate the validity of the new solution, the principal
plane radiation patterns of antennas mounted on the KC135 aircraft
that was previously computed are now computed with the improved
solution. With the cockpit/radome and vertical stabilizer being
taken into account, the new computer model, consisting of an 80"
by 3.75" right semi-ellipse and an 8" by 3.75" left semi-ellipse,
is shown in Fig. 38. The cockpit/radome section is simulated
by a flat plate and the vertical stabilizer is approximated by a
bent plate model for better simulation. The elevation plane
patterns for a short monopole mounted forward and over the wings
are shown in Figs. 39 (a) and (b), respectively. The patterns
for a circumferential KA-band waveguide are shown in Figs. 40 (a)
and (b). The results for an axial KA-band waveguid are depicted
in Figs. 41 (a) and (b). It is .observed that the comparison
between the calculated and measured results is very favorable.
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Fig. 38b--Computer simulated model for the cross-section
%at antenna location) of a KC-135 aircraft
(front view). ;
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Fig. 39a--Elevation plane pattern for a A/4 nionopole
mounted forward of the wings on a KC-135

“aircraft (with radome and vertical stabilizer

-included).
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_Fig. 39b--Elevation plane pattern for a A/4 monopole
mounted- above the wings on a KC-135 aircraft -
(with radome and vertical stabilizer included).
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Fig. 40a--Elevation plane pattern for a circumferential
KA-band waveguide mounted forward of the wings
on a KC-135 aircraft (with radome and vertical
stabilizer included).
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Fig. 40b--Elevation plane pattern for a circumferential
KA-band waveguide mounted above the wings on a
'KC-135 aircraft (with radome and vertical
stabilizer included).
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F1g 4la--Elevation plane pattern for an axial KA-band
- waveguide mounted forward of the wings on a
_KC-135"aircraft (with radome and vertical
stabilizer included).
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Fig. 41b--Elevation plane pattern for an axial KA-band
waveguide mounted above the wings on a KC-135
aircraft (with radome and vertical stabilizer
included). ‘ :
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The discrepancy displayed in aft sectors in Figs. 14 and 15 no -

Tonger exist in-Figs:-39. and 40 For-axial-slot-cases, —.. — .

the back lobe is picked up as compared with the previous results
in section A. Notice that the nulls of the monopole for the
theory and measurement do not align together as one can see in
Figs. 39 (a) and (b). This can be attributed to some extent

to the misalignment of the monopole and surface norma] in the
exper1menta1 work.

F1na11y, the roll plane radiation patterns for the new .
model are calculated.” In each case, the pattern -is on]y s11ght1y
improved over previous]y calculated results as shown in
Figs. .27 and 29. This is attributed to the fact that the
surface rays contribution from the elevation plane model is
negligible in the plane of .interest. In any event, these re-
sults demonstrate the validity and applicability of ‘the new
solution in determining the radiation patterns for general
fuselage mounted antennas.

. " To further demonstrate the versatility of this solution,
the radiation pattern for an infinitesimal monopole mounted on
the bottom of the fuselage of a Boeing 737 with a dielectric
radome is calculated. The model for this case is shown in

Fig. 42 where the radome effect is simulated by a flat plate
mounted vertically upward. This model is ‘adopted because of the
similar consideration as discussed prev1ous]y Even’ though
double diffractions are not included in the calculation, the
resultant pattern is still in very good agreement with the
measured result as shown in Fig. 43. This, again, illustrates
the capability of the solution in pred1ct1ng the rad1at1on pattern
of fuse]age mounted a1rborne antennas ‘ .
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CHAPTER 1V
VOLUMETRIC PATTERNS OF AIRBORNE ANTENNAS

The theoretical approach to analyze the complete volumetric
radiation pattern of fuselage mounted antennas was developed in
~the last chapter. This theoretical solution was based on the two
principal plane analyses presented earlier and it has been veri-
fied by applying it to various cases previously calculated using
principal plane analyses. The results show great improvement

over previous calculations based on comparisons with
experimental measurements. Hence, the new volumetric solution
is now applied to analyze the volumetric patterns of fuselage
mounted airborne antennas.

The aircraft model of most interest in our study is the
Boeing 737 aircraft in.that extensive experimental work is avail-
able. The volumetric patterns of this aircraft model is examined
in this chapter.

The models used to simulate a Boeing 737 aircraft are shown
in Fig. 44, where the roll plane cross-section of the fuselage
is approximated by a 65.86" by 43.3" elliptic cylinder for an
antenna mounted at Station 220 on the top of the fuselage. The
elevation profile is modeled by a composite elliptic cylinder
with a = 48.72", b = 308.56", and b' = 1307.04". Notice that the
cockpit nose section and vertical stabilizer are approximated by
finite flat and bent plates mounted obliquely on the fuselage
‘which results in a simple model for our aircraft as shown in Fig.
44, ' '

In Fig. 44(c), the top view of our model is shown to
illustrate the finite three-dimensional effect of an aircraft.
The dotted 1line indicates the width of the cross-sectional
(roll plane) cylinder used in the calculations. The models
of the wings, cockpit nose section, and stabilizers are also pre-
sented. The geometry is taken directly from the three principal
views of the aircraft scale model. As presented earlier, the
coordinate systems used for both the elevation and roll plane
geometries are depicted in Fig. 44.

The radiation patterns for a A/4 monopole mounted at
Station 220 above the cockpit on a Boeing 737 aircraft are,
then, calculated using the model just described with the
analysis presented in the last chapter. The three principal
plane results are shown in Figs. 45 to 47 and found to be in
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Fig. 44a--Computer simulated model for the fuselage profile
- .of a Boeing 737 aircraft (side view). The antenna
is located at station 220 on top of the fuselage.
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Fig. 44b--Computer simulated model for the cross section
: (at antenna location) of a Boeing 737 aircraft
(front view). The antenna is located at station
220 on top of the fuselage.
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F1g 44c-—Computer s1mu]ated model for a Boelng 737 aircraft
(top view). The antenna is located at station 220
- on top of the fuselage,
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Fig. 45--Elevation plane pattern of a A/4 monopole mounted
- at station 220 on top of a Boeing 737 aircraft.
(¢ = 0° at the left; ¢ = 180° at the right).
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Fig. 46--Ro11 plane pattern of ‘a-A/4 monopole mounted at
: station 220 on top of a Boeing 737 aircraft.:
(¢ = 90° at the left; ¢ = 270° at the right).
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Fig. 47--Azimuth plane pattern of a A/4 monopole mounted
at station on top of a Boeing 737 aircraft.
(e = 92°).
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~was performed with a:great-deal-of-patience-and-precision by——- -

very good agreement with measurements. The exper1menta1 work

the technical staff at NASA (Hampton, Va. ), us1ng a 1/11th

. scdle model of Boeing 737 aircraft.

6

The coordinate system used for the experimenta] measurements
is shown in Fig. 48, in which the z-axis is vertically upward.
In order to calculate a radiation pattern in terms of this
eXperimenta] coordinate system, a transformation of coordinates
is necessary so that the corresponding radiation direction .in
the analytical aircraft reference coordinate system can be
determined. This is accomplished by considering the z-axis of
the experimental coordinate system as a radial vector in the
reference coordinate system. By inputting its spherical coordin-
ates (ezref '90°, VZpaf = 0°) as the rotation angles 0, and ¢

required in the computer program, the correspond1ng rad1at1on
direction, in terms of the reference coordinate system, is
obtained. 7

\

"o

F1g 48--I]1ustrat1on of the .coordinate system used for
' experimental measurements.
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The complete volumetric pattern for a A/4 monopole located
at Station 220 on top of a Boeing 737 aircraft is calculated.
The off-principal plane elevation patterns are shown in Figs.
49 to 52. The azimuth plane patterns are shown in Figs. 53 to
60. In each case, the calculated result compare very favorably
with the measurement. It is noted that the measurement results
have some asymmetry in the patterns. This could be attributed to
misalignment of the monopole with respect to the surface normal
or the movement of the model due to shifting we1ght dur1ng the
- measurement.

Finally, a volumetric gain pattern is presented in Fig. 61.
The various directive gain regions are indicated by a color code.
The directive gain, by definition [54], is

_ radiation intensity (6, ¢)
(74) G(e, ¢) average radiated power

_ 4n[radiation intensity (8, ¢)]
total power radiated

The total power radiated by the antenna is obtained by numerically
integrating the far field radiation pattern. Using Eq. (74), the
. gain function is determined for the entire space. The three-
dimensional gain pattern is, then, plotted in color as shown in
Fig. 61. For example, the pink color indicates the region in
space where the gain level is greater than or equal to 0 dB.
In other words, in this region the radiation intensity of the
antenna is greater than or equal to that of an isotropic point
source. The yellow color indicates the region where the radia-
tion intensity is greater than -3 dB but less than 0 dB in gain
Tevel. Consequently, the yellow and pink regions represent the
region in space where the gain level of the antenna is equal to
or above -3 dB in comparison with an-isotropic. point source.
Similarly, the green, orange, and purple stand for -6 dB, -10 dB,
and -15 dB Tlevels in gain, respectively. The experimental results,
taken at NASA (Hampton, Va.) are shown in Fig. 62. The compari-
son between the theoretical and experimental results is seen to
be very encouraging.

The agreement shown in the gain patterns demonstrates,
indeed, the capability of the analytical solution in predicting
the radiation patterns of airborne antennas mounted on complex
aircraft structures. Through a modern high-speed computer, this
analytic solution not only predicts the radiation patterns of
on-aircraft antennas accurately but also very efficiently. This
theoretical calculation saves a tremendous amount of expense and
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manpower that is involved in building a scale model, mounting

- antennas, .and taking. the-measurements.— This- is—one-of-the — —=  —— =

definite advantages of analytical solutions offer over scale
model measuréements in the antenna design approach. In addition;
the theoretical analysis enables an antenna designer to choose
and evaluate the antenna.types and locations for the desired
coverage for specific applications in the aircraft design stage.
The relocation of an antenna at a future date could also be
made easier through this analytical process.
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Fig. 49--Elevation plane pattern of a 1/4 monopole mounted
at station 220 on top of a Boeing 737 aircraft.
(¢ = 100 at the left; ¢ = 190° at the right).
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Fig. 50--Elevation plane pattern of a A/4,monobole mounted
at station 220 on top of a Boeing 737 aircraft.
(¢- = 20° at the left; ¢ = 200° at the right).
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Fig.. 51--Elevation plane pattern of a A/4 monopole mounted
at station 220 on top of a Boeing 737 aircraft.
(¢ = 30° at the left; ¢ = 210° at the right).
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Fig. 53~-Azimuth plane pattern of a A/4 monopole mounted at
?tationo§20 on top of a Boeing 737 aircraft.
6 = 50 '

112

270°



-270°

[3Y] .
o .
~ ! ’

— MEASURED -
— == == CALCULATED

S

N
(o]

S

"RELATIVE POWER (dB))}

oL
180° -

Fig. 54--Azimuth plane pattern of a A/4 monopole mounted. -
a(\t static)m 220 on top of a Boeing 737 aircraft.
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Fig. 56-~Azimuth plane pattern of a A/4 monopole mounted .

at station 220 on top of a Boeing 737 aircraft.
(s = 80°)
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Fig. 58--Azimuth plane pattern of a-\/4 monopole mounted
. at station 220 on top of a Boemg 737 a1rcr'aft
(e = 100°)
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Fig. 59--Azimuth plane pattern of a A/4 monopole mounted
; at station 220 on top of a Boeing 737 aircraft.

(e = 110°)
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CHAPTER V
MICROWAVE LANDING SYSTEM AIRBORNE ANTENNAS

Despite today's rapid advancement in aviation technology,
the approach and landing problem remains one of aviation's lead-
ing causes of accidents and fatalities. In order to improve the
landing guidance and to meet the demands of increased air traffic
flow around airports, the Federal Aviation Administration, in
cooperation with international participation, is now developing
a microwave approach and landing system known as the Microwave
Landing System (MLS). This system will replace the existing
Tower frequency Instrument Landing System (ILS) now in operation
at many airports around the world. The MLS is intended to
significantly improve the guidance accuracy for the approach and
landing of modern high-speed aircraft, especially during times
of poor visibility under severe weather conditions.

One of the main obstacles in the development of the MLS
has been the determination of the appropiate polarization
(horizontal or vertical) of the radiated electromagnetic field
for efficient system operation. Most of the previous polariza-
tion discussions on this matter have been based on ground effects;
however, the airborne antenna is an integral part of the system and
may have a definite influence on. the polarization discussions.
Another problem in the des1gn of a safe, reliable and accurate-
approach and landing system is the location of the antennas on
the aircraft structure in order to achieve the desired radiation
coverage.

In the past, scale model measurements were used to design
and evaluate the antennas for a specific application. This
approach of airborne antenna design process requires a great
deal of engineering time and money. With the theoretical solu-
tions developed in this study to predict the radiation pattern of
fuselage mounted antennas efficiently via a high-speed computer,
it is natural to apply them to analyze the MLS airborne problem
in terms of the antenna complexity necessary to achieve the
desired coverage. This is both a theoretical and experimental study
in that various theoretical results are compared with scale model
measurements. The experimental study is taking place at NASA
(Hampton, Va.), where extensive scale model measurements for
var1ous aircraft are being performed.
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As in any study of th1s type, it is 1n1t1ated using a
simple model of a basic aircraft neglecting the radome. Once
this result is verified by scale model measurements, the radome —————— ————
is added to both the analysis and scale models. Again, these :
results are compared to verify the theoretical solutions.

Initially, the study is based on the antenna performance in
terms of a desired principal plane patterns. Finally, the

newly developed solution of Chapter IV is applied to determine
the complete volumetric pattern for fuselage mounted antennas.
This is intended to examine the three-dimensional coverage of
the antennas of interest based on the required radiation diagram
specified by an FAA work force.

With the numerical solutions verified by measurements,
they can, then, be used to design the airborne antennas necessary
to give the desired coverage for the MLS application. This is
because the theoretical solutions can provide antenna designs
much more efficiently than the scale model measurement approach.
Furthermore, a parametr1c study of various typical aircraft
shapes can be made using the verified numerical aircraft antenna
solutions. The results should provide the polarization limita-
tions based on the airborne antenna complexity. Note that this
is a study of fuselage mounted antennas and not antennas mounted
behind the radome.

Initially, an antenna location on the bottom of an aircraft
fuselage behind the radome was proposed for the MLS application.
Since the MLS is for the approach and landing purpose, this
Tocation appeared to be very attractive for the forward cover-
age requirement. An application of the volumetric solutions to
the Boeing 737 aircraft revealed good agreement between theoretical
results and NASA scale model measurements as shown in Fig. 63.

The 737 aircraft was modeled by a composite elliptic cylinder with

a 64.46" by 1200" right elliptic cylinder and a 64.46" by 232.52"
left elliptic cylinder.. The radome on the 737 aircraft as shown

in Fig. 63 (b) is located approximate]y 186.97" from the origin

and the antenna (a short monopole) is located 3 wavelengths away
from the radome at a frequency of 3.18 GHz. The experimental results
shown in these figures were obtained using an 1/11th scale model and
performed at NASA (Hampton, Va.). In this case, vertical polari-
zation seemed to have better forward coverage than horizontal
polarization. ' '

Besides the radiation pattern results, the phase, or more
specifically the phase center of the antenna, was of great
concern to the FAA in the MLS application. If the phase center
drifts too far from the actual antenna Tocation, it would cause
the system to appear to locate the aircraft at the wrong position
in space. Generating phase data using experimental facilities
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ircraft

(Hampton, Va.).

Anechoic Chamber at NASA

in

Fig. 63a--The scale model (1/11) of Boeing 737 a
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VERTICAL POL. 737 AIRCRAFT
MONOPOLE WITHOUT LANDING GEAR

_ MEASURED
' == o= = CALCULATED

a4

. 180°
ELEVATION PATTERN

Fig. 63c--Elevation pattern of monopole on a 1/11th scale
model of Boeing 737 aircraft.
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VERTICAL POL. . 737 AIRCRAFT

WAVEGUIDE ' WITHOUT LANDING GEAR
| 5-or
O<
o
il
N o
gl
(o]
a.
W
>
k20
-d
t
(14
30 MEASURED

== == CALCULATED

S TAIL

i80°
ELEVATION PLANE

Fig. 63e--Elevation pattern of circumferential slot on a
1/11th scale model of Boeing 737.aircraft.

128



e e et -—_..-,.-—-.-]

*34edodaLe £e/ Buraog jo [apow 3[edS YI[L/L _
® U0 O[S [BLIUIUBIWNIALD 4O 30[d SOUUD BSeYd--3€9 ‘614

_ ——m. D
iy
: ==l
pted
4‘1
Sh

]
-

S
SBHd HOY43

N2Zi50H: ik '3719NY NY3LllHd:
ool it et N2t ng_ |
. . ‘ . P, | HR >>b>>>N

T v MAMA S & AVAY

a:
-
n
>
-
b
P

0

\

Sl |
$334933 NI 3

T TR
T ~T

e e e T

R L]

(%)

ST .

129



HORIZONTAL POL. 737 AIRCRAFT
WAVEGUIDE ‘ WITHOUT LANDING GEAR

MEASURED
— — —— CALCULATED

\

& NOSE

STAIL

: 180°
- "ELEVATION PATTERN

Fig. 63g--Elevation pattern of axial slot on a 1/11th
scale model of Boeing 737 aircraft.
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is extremely difficult, time-consuming and expensive. Alterna-
tively, once the numerical solutions are verified based on
amplitude measurements as previously done, they can be applied
tofgenerate the desired phase data w1th 11tt1e or no additional
effort

The phase error results from the interaction between the
fuselage structure and antennas. This is an indication of the
degree of distortion or effect the fuselage structure has on
the performance of the antenna. It is the phase of the radiated
field when the phase center of the antenna system is taken as the
phase reference center. It is defined by

error phasé = actual phase - line-of-sight phase

‘Tine-of-sight phase = free space phase of antenna
- without aircraft present.

The radiation pattern along with the error phase plot may be
used to determine the polarization selection of the MLS system.
Additional results for various aircraft such as Boeing 707, B-1,
and F]SA are presented in Ref. [31]. .

As a result of the study based on the principal p1ane per-
formance, it is observed that horizontal polarization does not
give the broad coverage obtainable with vertical polarization
if just a single fuselage mounted antenna is used in the airborne
system. The problem is that horizontally polarized fields are
shorted out by the fuselage which confines the energy to sectors
above the antenna rather than the broad azimuthal coverage as
desired. On the other hand, based on the desired pattern per-
formance as specified by an FAA work force, it also is doubtful
whether a single vertically polarized antenna will function
properly. In order to examine completely the antenna's perform-
ance, one must investigate the complete volumetric pattern.

As far as the phase data are concerned, the acceptab1e phase
error is as yet unknown. It will not be discussed in this study.

Note that the previous results did not include the landing
gear effect. However, since the MLS system is used during
Tanding, the presence of the landing gear must be taken into
consideration in the pattern prediction, both analytically and
experimentally. Thus, the calculated and measured volumetric
patterns for a A/4 monopole mounted at Station 222 on the bottom
of a Boeing 737 aircraft with the landing gear door included
are presented in Figs. 64 and 65, respectively. The severe
distortion in the radiation pattern displayed in Figs. 64 and
65 shows the critical effect of the landing gear on the antenna
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Fig. 64--Calculated volumetric directive gain pattern of a A/4 monopole

g 737 aircraft

mounted at station 222 on the bottom of a Boein
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performance. It is this pattern distortion which forces one to
seek an alternate location for MLS antennas.

The theoret1ca1 s1mu1at10n of the landing gear door is made by
mounting two flat plates on the fuselage, using the computer model
depicted in Fig. 66 where a 64.46" by 233.52" and 64.46" by 1200.0"
composite elliptic cylinder model is employed for the aircraft
fuselage. Although only the landing gear door is included in our
calculation, the theoretical results compare favorably with
the scale model measurements.

Presently, the MLS antenna is be1ng located in the area
right above the cockpit section since it provides the desired
forward coverage without being distorted by the landing gear,
wings, etc. For the Boeing 737 aircraft, Stations 220, 250, and
305 on the top of the fuselage are proposed as test locations for
the antenna installation. In order to determine the best loca-
tion for the MLS application, the elevation plane radiation
patterns for a A/4 monopole mounted at these three locations are
first obtained. The elevation plane patterns are used in that
it is the most critical MLS sector. Both theoretical and
experimental results from this study are presented in Figs. 67
to 69. The computer simulated model of the Boeing 737 aircraft
is shown in Fig. 70 in which a 78" by 211.6" and 78" by 850"
composite elliptic cylinder is used to approximate its fuselage
profile. However, different roll plane elliptic cylinders are used
to approximate the various cross-sections at the antenna Tlocations.
The results reveal good agreement between the theoretical predictions
and scale model measurements. In addition, the results indicate
that Station 220 appears to be the best choice since it gives
the best forward: coverage which satisfies the MLS performance
requirement. As seen in Fig. 74 the 0 dB sector in the antenna
coverage requirement is the most important for the landing
 application. However, due to structural problems that exist on
the actual aircraft fuselage, the antenna of interest cannot
be actually mounted at Station 220 but must be moved to Station
250. * In addition, it must be mounted 4" off the fuselage centér-
line. '

- To further evaluate the space coverage performance of’ the
MLS antenna at location Station 250, the complete volumetric
pattern needs to be examined. Scale model measurements for
both polarizations, then, were performed at NASA, (Hampton, Va).
The three-dimensional gain patterns as described in the last
chapter were, also, obtained. Since vertical polarization.
appeared to be more promising for MLS applications, a simple
A/4 monopole was the only antenna studied in the rema1nder
of this research.
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FLAT PLATE

*(// RADOME
v

/
- /
FLAT PLATE
| ~ LANDING GEAR
ANTENNA DOOR

Fig. 66b--Computer simulated model for the cross section
- (at antenna Tocation) of a Boeing 737 aircraft -
(front view). The antenna is located at station
222 on the bottom of the fuselage with 1andmg
gear and radome present)
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———— CALCULATED

-
OSE
gN

"180°

Fig. 67<=Elevation plane pattern of a A/4 monopole
mounted at station 220 on top of a Boeing
737 aircraft (¢ = 0° at the left; ¢ = 180°
‘at the right). ‘ '
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Fig. 68~-Elevation plane pattern of a A/4 monopole mounted
. at station 250 (off center) on top of a Boeing 737
aircraft. (¢ =-0° at the left; ¢ = 180° at the .
right). ‘ . '

140



OO

D
H

_ MEASURED
— — —— CALCULATED

|

Fig. 69*-E1evétion plane pattern of a A/4 monbpb]e mounted
at station 305 on top of a Boeing 737 aircraft
($=0° at the left; ¢=180° at the right).

7

X
2
0

g noseE
é‘é TAIL

¥

>

=9

N
N

'180°

141



*A13AL303dsads ‘abefasny 3yl jo do3 uo gOg pue ¢ (433us0-340) 052
‘022 UOLIE}S 1R PaIROO[ BJR SPUUIIUR 3Y| *(MBLA OpLS) 2iedddLe
[g/ bulaog e jo aprjoud abe[asny a3yt 40j [apow pare[huLs Jaindwo)y--eq/ °bHi4

NOIL23S
ONIM ~ 3SON
vid 31vid 1v7d

y¥3Z1118VLS
IVOILY3A
31v1d LN38

GOE NOILViS-9

062 NOILviS-9

022 NOIlvlS-Vv
NOILVIO0T VNNILNV

142



" BENT PLATE
_— VERTICAL
STABILIZER
FLAT PLATE

WINGS ™\ _ | :x

ANTENNA

FLAT PLATE
NOSE SECTION

Fig. 70b--Computer simulated model for the cross section
(at antenna location) of a Boe1ng 737 aircraft
(front view). The antenna is located at station
220 on top of the fuselage.
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BENT PLATE

/‘ VERTICAL

ANTENNA - STABILIZER

FLAT PLATE

e

Zy

FLAT PLATE
NOSE SECTION

F1g 70d--Computer‘ simulated model for the cross section
(at antenna location) of a Boemg 737 aircraft
(front view). - The antenna is located at station
- 250 on top of the fuse'lage (off center).
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- BENT . PLATE

| VERTICAL
ANTENNA < STABILIZER
FLAT PLATE

WINGS L
. °/
FLAT PLATE

NOSE
SECTION

Fig. 70f--Computer simulated model for the cross section -
' (at antenna location) of a Boeing 737 aircraft
(front view).. The antenna is located at station
305 on top of the fuselage.
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The theoretical patterns for this configuration was obtained

using: our new volumetric- so]ut1on—ﬂ—F1gure 71- illustrates-the - e

computer aircraft model used in the numerical calculations. As
shown in Fig. 71(c), a bent plate with an inside angle of 11.4°

is used to simulate the vertical stabilizer; whereas, a flat plate
model is used to approximate the cockpit/radome section. For the
sake of efficiency, no horizontal stabilizers are included in this
model. - Figure 72 illustrates the calculated three-dimensional
(vo]umetric?,gain pattern and Fig. 73 presents the results of

the scale model measurements. The compar1son between the calcu-
lated and measured results is very encouraging. This indicates
that the volumetric pattern solution developed in Chapter III

not only can predict the complicated three-dimensional radiation
pattern for antennas mounted on the center-line of the fuselage
but, also, for antennas mounted off the center-line.

Based on the MLS antenna coverage requirement as shown in

Fig. 74, the radiation pattern of a single vertical polarization
monopole; as seen in Fig. 73, is not quite adequate. Thus, a
tail mounted monopole is proposed to be mounted at Station 950
on the bottom of the Boeing 737 aircraft fuselage for missed
approach purposes. This location is chosen because the slope
of the fuselage 'surface at Station 950 is similar to that at
Station 250 on the top of the fuselage such that the space
coverage of the two antennas tends to have a better match. To-
examine its space performance, the volumetric pattern of a A/4
monopole mounted at Station 950 on the bottom of a Boeing 737
fuselage was obtained. The three principal plane radiation
patterns are shown in Figs. 75, to 77. The computer model, in.
this case, is composed of an e]evat1on plane cylinder (a 110.312"
x 548.325" and 110.312" x 552.72" composite elliptic cylinder) and
a roll plane cylinder (66.55" x 66.55" elliptic Cy11nder) with
four flat plates attached to the cylinders as shown in Fig. 78.
 Two -of the four flat plates are used to simulate the wings and the

other two simulate the horizontal stabilizers. The engines are
neglected in the present model for simplicity. Finally, the
volumetric gain pattern is presented in Figs. 79 and 80. It is
noted that the calculated results, even without the engine effect
1nc1uded compares very favorab]y with the scale model measurements.

It is noted that for antennas mounted on top. of an aircraft
fuselage, -the effect of the engine is negligible so that it can
be excluded in the theoretical calculations as shown earlier in
Reference [1]. However, the engine may have some effect on the
radiation patterns when an antenna is mounted on the bottom of
the fuselage, espec1a]1y when the antenna is close to the wings.
The effect of engines can be included in this solution using
finite elliptic cy11nders as presented in Reference [55]. In
fact, -this inclusion is an anticipated future effort..
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'BENT PLATE

‘eé/’”VERTWCAL

- STABILIZER

— .

ANTENNA

FLAT PLATE

FLAT PLATE
'NOSE SECTION

_ Fig. 71b--Computer -simulated model for the cross.section

- (at antenna location) of a Boeing.737 aircraft
-(front view). The antenna is located at station
250 on top of the fuselage (off center line).
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%TA.IL

180°

Fig. 75--Elevation plane pattern of a A/4 monopole mounted
at station 950 on the bottom of a Boeing 737 air-
craft (¢ = 0° at the left; ¢ = 180° at the right).
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Fig. '76--R6H plane pattern of a A/4 monopole mounted at
station 950 on the bottom of a Boeing 737 aircraft.
(¢ = 90° at the left; ¢ = 270° at the right).
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Fig. 7.7-¥Az-1‘muth plane pattern df a A/4 monopole mounted at
station ‘950 on the bottom of a Boeing 737 aircraft

(o = 92°).
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FLAT PLATE
WINGS AND HORIZONTAL
STABILIZERS

ANTENNA

Fig. 78a--Computer simulated model for the fuselage profile
: ~of a Boeing 737 aircraft (side view). The antenna
is located at station 950 on the bottom of the
- fuselage. o '
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‘ FLAT PLATE
WINGS AND HORIZONTAL

/(\ \

ANTENNA

Fig. 78b-—Computer simulated model for the cross section
gat antenna location) of a Boe1ng 737 aircraft
front view). The antenna is located at station
950 on the bottom of the fuselage.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

High frequency solutions for the three-dimensional volu-
metric radiation patterns of general type on-aircraft antennas
mounted on the fuselage has been the object of this research.

It is well known that the scale model measurement approach of
airborne antenna design requires a great deal of engineering
-time and money. On the other hand, the theoretical analysis of
on-aircraft antennas using a general surface of revolution model
as done in Reference [2] results in a numerical solution which

is very complicated, time-consuming, and uneconomical. Thus,

an efficient analytical model for the prediction of the antenna
system performance in the presence of complex aircraft structures
~is needed. This solution should be able to calculate the
volumetric patterns of airborne antennas in an accurate and
efficient manner such that it can be used to determine the
antenna location and optimum antenna design for a given application.
Such a solution has been developed in this study.

The basic approach applied here is to break up the aircraft
into its simplest structural forms. Due to the high frequency
requirements of airborne antennas, these structures may be
analyzed using ray optics techniques with numerical values
obtained using GTD. Once the scattering from these various
structures is found, it is then adapted to the aircraft model
simply by adjusting the field incident on the structural scatterer.
The only limitation of the GTD solution is that the source and
various scattering centers be separated by at least a wavelength.
In some cases, even this requirement can be relaxed. .

A theoretical solution was developed in Chapter IV to
analyze complicated three-dimensional volumetric radiation pat-
terns for fuselage mounted airborne antennas. This solution
~utilizes roll and elevation plane model analyses developed earlier.
The procedure to combine these two solutions into a complete
solution that can handle the volumetric pattern is based on a
previous study of antennas mounted on prolate spheriods. The
belt concept of blending these two solutions together is the
key to the success of the complete solution. The use of flat
or bent plates to approximate an aircraft cockpit nose section
and vertical stabilizer is also new and quite useful, not only
because of its simplicty in analysis but also due to its
practicality in computation. :

164



A numerical procedure that can be used to model a practical
aircraft fuselage has also been_presented. The-three-dimensional -
fusélage in the numerical model is simulated by two composite
elliptic cylinders; one approximates the aircraft profile and
the other its cross-section. These ellipses are numerically
obtained through a best-fit ellipse routine. The description of
‘the wings, cockpit, and stabilizers are measured directly from
the three principal views of the aircraft.

-To demonstrate the va]idity and applicability of the
theoretical solutions, the radiation patterns in the principal
planes for antennas mounted on various locations-on a KC135
aircraft -and a Boeing 737 aircraft have been calculated and
compared with measurements taken at NASA (Hampton, Va.). The
results show good agreement between the analytical and experi-
mental work and obvious improvement over previous analyses. To
illustrate the versatility of the new solution, the radiation
patterns for antennas mounted on a space shuttle with the radome
taken into account have been calculated. Again, the result is
very encouraging. o :

The off-principal plane radiation patterns of a A/4 monopole
mounted above the cockpit of a Boeing 737 aircraft have been calcu-
lated. The patterns obtained were shown to compare well with
measurements taken at NASA (Hampton, Va.), which verify the
assumptions made in the theoretical solutions. Color volumetric
~ pattern plots were also presented in this study. The different
~colors in the pattern indicate various gain levels of the antenna

pattern in comparison with an isotropic point source. These
patterns provide the space coverage diagram necessary for the
-antenna designer. The success in predicting the volumetric
patterns demonstrates the validity and capability of the
theoretical solution to handle fuselage mounted airborne
antennas.

Finally, the volumetric pattern analysis of airborne antennas
for the MLS application was presented in Chapter V. For the
proposed antenna locations, the theoretical results compared very
well with the scale model measurements. This, again, illustrates
the applicability of the improved analytical solution in pre-
dicting the complicated three-dimensional volumetric patterns
for general type on-aircraft antennas. The study presented in
Chapter V also showed that the vertical polarization seems to have
broader space coverage than horizontal polarization. This is
useful information for MLS designers. Note that the effect of
landing gear is also presented to illustrate the necessity of
critical and careful consideration in the selection of antenna
location in a complicated modern aircraft.
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The solutions developed in this research provide a useful,
accurate, economical, and efficient means for determining the
location and design of airborne antennas based on their pattern
performance. For example, the program developed in this study has
now been delivered to NASA (Hampton, Va.), and it typically
runs a pattern in 30 seconds or less on a CDC 6600 digital
computer. Consequently, this solution offers an excellent
design tool which can be used to determine antenna location and
designs for airborne applications either at the design stage of
an aircraft or as a retrofit.

Besides the radiation patterns, this numerical solution
also provides phase data which may be of concern in the design
of airborne antenna systems. Generating phase data using ex-
perimental facilities is extremely difficult, time consuming
and expensive. Since the desired phase data can be obtained
with 1ittle or no additional effort, this is an additional
advantage that the analytic solution offers over that of scale
model measurements. Note that the accuracy of the computed
phase data can be confirmed by the good agreement between com-
puted and experimental amp11tude data.

‘It should be noted that for the antenna locations considered
in the present study, the effect of the engines is negligible and
they have been ignored in the model. However, the engines appear
to have some effect on the radiation patterns when an antenna is
mounted on the bottom of the fuselage. When necessary, the engine
effect can be included in the solution by us1ng a finite -elliptic
cylinder. as presented in Reference [55]. .
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APPENDIX I
COORDINATE SYSTEMS TRANSFORMATION

. >

Consider that a vector R (x, y, z) in an Xyz coordinate
system as shown in Fig. 81 (a). A second coordinate system,
(x'y'z') is also depicted, which is formed by first rotating
the x-axis of the original coordinate system through an
angle of ¢o about z-axis and then, the z-axis through an angle
of 85 about the rotated x'-axis. Recall that in a vector space,
the coord1nates Xxj of a vector X representing a point in
n-dimensional space can also be regarded as the coefficients of
the unit vectors e; if X is represented as a sum of multiples
of the unit vectors _

X
1

(75) = X

1]

]

b
—

3]
—_

+

+

>

D

These unit vectors form a vector basis which span the n-dimensional
vector space. In the three-dimensional geometry, where n = 3,

let {x, y, z} be a basis of the vector space under consideration.
Thus, the vector R can be written in terms of these unit vectors

as :

(76) R=xx+yy+zz

Let {;', 9
r

1.2 } be another bas1s of the same space such that
the vecto R is

expressed as

(77) R=x'x' +y'y' +2'2
Then, by a linear transformat1on, the coord1nates of the vector
R relative to the {x, y, z} b§s1s can, be determined from the

coordinates relative to the {x', y', z'} basis through a matrix
relation as

(78) X =px
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(a)
Fig. 8la--Illustration of coordinate system rotation.

(Rotate ¢ _angle about z axis and then rotate
6, angle about x' axis).

oo

' (b)

Fig. 81b--I1Tustration of coordinate system rotation.
(Rotate ¢  angle about z axis and then rotate
6  angle about y' axis).
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Where X and X' are column vectors given by

(79) X

n

<

o

=
o
T

!

<

~

and P_is a 3x3 transformation matrix from the {X, y» 2} basis to

{x', y', z'} basis. By multiplying Eq. (78) by P-1, the inverse

of P, the coordinates of R in {x'!, y', z'} basis can be found in
terms of the coordinates in {x, y, z} basis, i.e.,

1

(80) ' X' = p7'X . , S

Eqs. (78) and (80) describe the relation on which the coordinates
of a vector in one coordinate system can be determined from its
coordinates relative to another coordinate system.

Since the unit vectors %', ¥', and 2' are related to the unit
vectors, X, §, and 2 in the following manner, i.e., |

I\| - ) el . ~
= + -
X cos ¢, x + sin ¢,y |
Al - _ . - A + A + . A.
(81) y cos 8, sin ¢ x + cos e.0 cos ¢,y sin eoz‘
Z' = sin ing. X -sin ‘ v + z
sin o, sing, 8, COS ¢, ¥ + cos 8,

the transition matrix'Px,‘which'is defined as the transpose of
the above matrix of cqefficients, can be obtained as

cos ¢, -Co$ eo-Sjn ¢ sin 8y sin ¢
(82) Py = sin 9% ,COS 8, COS ¢, —51n'eo cos ¢,
0 sin A cos 6

where subscript x indicates the 6 angle rotation is about the
rotated x'-axis.” By inverting the matrix Py, the inverse matrix
Px‘1 of P* can be easily determined and is given by
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cos ¢0 sin ¢0 0

S . .
(83) P = cos 8, sin ¢ cos 6 cos ¢ sin 6

sin 90 sin d)o =-51n 90 cos d)o cos 60

Similarly, if a new coordinate system, x'y'z' system, is set up

by first rotating the x-axis of an angle of ¢o about z-axis and
then the z-axis an angle of 8o about the y'-axis in a counter-
clockwise sense as seen in Fig. 81 (b), the transformation matrices
P and Py‘1 can be determined as '

y
cos 6 cos ¢ -sin ¢, sin ed cos ¢,
(84) Py = cos 8, sin %% cos ¢, sin 8, sin 9%
-sin‘e0 0 i cos 6,
and
éos % cd; ¢, COS B, sin ¢ -sin 6,
(85) Py'] = |-sin ¢b : cos ¢, 0

ine_ c in 6_ sin 6
sin 6, cos ¢, sin 6, Sjn ¢, COS O

where the subscript y indicates the rotation of eg angle is about
the rotated y'-axis in distinction with that of the x'-axis in
Fig. 81 (a). ' _
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APPENDIX II

GEOMETRICAL CONFIGURATION FOR OFF-CENTER LINE
MOUNTED ANTENNAS

Consider a source which is located at some angle off the
center line of an aircraft fuselage as shown in Fig. 82. This
source can be an infinitesimal monopole or arbitrarily oriented
slot element. As discussed in Chapter III, the surface geometry
nearest to the antenna has the most significant effect on the
radiation patterns. For this case, the longitudinal surface
curvature in the plane which is parallel to both the Zpef axis -
and the surface normal at the source location, and the trans-
verse surface curvature in the other plane which is orthogonal
to the longitudinal plane, as shown in Fig. 82, play a dominant
role in predicting the radiation patterns of airborne antenna.
However, the transverse surface profile which cuts obliquely
across the fuselage is not easily obtained from a scale model
drawing of an aircraft (usually, only the elevation profile and
cross section are given). Thus, to obtain the necessary elliptic
cylinders for the volumetric pattern analysis, the aircraft
cross section which cuts orthogonally through the source
Tocation is used to approximate the required transverse surface
profile cylinder. This approximation is reasonable since the
transverse surface profile of an actual aircraft does not
change drastically for a small angle deviation. For the other
elliptic cylinder which approximates the longitudinal surface
profile at the source location, the f0110w1ng approach can be
employed.

First, let US approximate.the elevation profile of the aircraft
of interest by a composite elliptic cylinder as done previous]y
in Chapter I1I. Its necessary parameters are given by ag, semi-
major axis, by and bg', semi-minor axis for left and right half
elliptic cylinder respect1ve1y, as shown in Fig. 83. _Recall that
the source location in our volumetric analysis is defined by
(¢5,25), as seen in Figs. 83 and 84, relative to the aircraft
fuselage cross section where the source is.located. Since the
position of the source is given in terms of an elliptic cylinder
approximating the fuselage cross section at the source location,
its Cartesian coordinates can be easily determined as
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ANTENNA

WING

Fig. 83--Front view of the roll plane _(transvé'rse) cylinder
- showing the antenna location and its surface normal.
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where

af bf

P. = , —
s
2 .2 2 .2
J 6} cosPe + a2 sinf o

The quantities a, and b, are the semi-major and semi-minor axis
of the cross ‘sectional elliptic cylinder. In terms of the
elliptic cylinder coordinate system as discussed in Chapter V,

xs' and ys'vare given by :
X' = ag cos Ve
(87)
yS =Abf sin vS
wheké | :
a
f
V., =:— tan ¢
S bf S

-From Fig. 84, thé distance Xep between points P and Q is-
found via the ellipse equation as :

a ——
0 2 2 . . .
_ E;'\/bo - Zg if zZg js negative
(83) g = |
| a

if-zS is positive

% 2.7
qbo-zs.

where ag, by, and bé'havevbeen defined earlier. Since the ofigin'of
the cross sectional cylinder is defined at ac from point P along
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line PQ, the source position in terms of the reference coordiante

system can be easily determined from Figs. 83 and 84 as
Xg = (xeo - af) +ag cos v,

(89)
Yg = bg sin Vs

Once the source location is determined in the reference
coordinate system, the actual composite elliptic cylinder to
simulate the longitudinal surface profile at the antenna
Tocation is given as

if ZS is positive

1]
s

(90) a,
if zZg is negative
\
be = bo
be = bé

As described earlier, the elliptic cylinder which simulates the
fuselage cross section at source location is used to approximate
the transverse surface profile. Consequently, the necessary axes
of the transverse elliptic cylinder are given by

A = ¢

(91)

br = bf

Note that the transverse surface profile discussed previously
l1ies in a plane which is parallel to the surface normal at the
source location. Hence, the transverse or roll plane elliptic
cylinder needs a tilt such that the cylinder surface normal
aligns with the original surface normal as seen in Fig. 85.
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The required tilt or rotation (er ti1t? Op ti]t) is given by

. at z
tan”] —£ S if z, is positive
ba{xs + ¥
(92) O tilt T
a‘ z : .
tan”] £S5 ¢ z is negative
212 ?
ba”xg * Ys
®p tilt ~ 0

with respect to the reference coordinate system. It is noted that
the rotation described here is about yref_axis and not Xpaf axis.

Notice also that the coordinate system of the elevation plane
(Tongitudinal) model is rotated an angle (¢p) which is the angle
- between the surface normal and xpef axis as shown in Fig. 83 R
relative to the reference coordinate system. In other words, the
elevation model coordinate system shown in Fig. 86 is obtained
through a rotation (e i]t’-¢ti1t) of the reference coordinate system
as discussed in Appen51x I. The rotation angles are given by

. = o
fe tite = 90
(93) |
e tilt T ¢n
~ where R
1 .1 2 sin v
¢ = tan = ———F—
n bf cos vS

with respect to the reference coordinate systém. The geometry of
the coordinates is shown in Fig. 86.

With the necessary elliptic cylinders being determined, the
procedure to combine these two models to simulate the actual
aircraft is the same as discussed in Chapter III. Thus, the
volumetric patterns for off-center fuselage mounted airborne
antennas can be determined.
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