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SECT ION I

INT RODUCTION

The object of the research is to calculate the surface current
and charge density induced on aircraft by an incident el ectromagnetic
plane wave . The prima ry goal of this investigation is to develop a
theoretical solution for predictin g the induced surface current and
charge densities on the aircraft fuselage in an accurate and efficient
manner. 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 in-
finitely long perfectly-conducting elliptic cylinder in its cross-section
and a composite elliptic cylinder in its elevation profile. The wi ng ,
cockpit and stabilizers (horizontal and vertical ) are model ed by ‘n ”-

sided bent or flat plates which can be arbitrarily attached to the
fuselage . The cyl i nder solution empl oyed in the analysis is quite
accurate and useful in that reasonable approximations are made in ob-
taining the necessary diffraction terms.

The surface current and charge density induced on the aircraft
fuselage wi th plane-wave incidence are related to the radiation patterns
due to fuselage-mounted , infinitesima l monopole and slot antennas. The
relation between them will be discussed in the following . Let (E~,E~),
(E~,E~) an d (E~,E~) be the radiation patterns due to an infinitesima l
monopole, axial slot and circumfe rential slot antenna respectively.
Let (p~~;p~’) be the induced surface charge density , and (J~

1 ,J~’),
(J~

1
14’) be the induced surface current density due to ~~

- and ~-

incident plane waves wi th unit electric field intensity . From the
reciprocity theorem, the following relations exist:

Ip~
’I = 2c

~ ~E~I

2c
~ IE~I

J°~ =
~~~ E0

n a

IJ~
1 

= 
~~ri a

j 0 1 
=

~~~~ E0
z n c

fJ~~I = 
~~ IE~

t
~Iz r~ c

1
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Note that the fuselage axis is assumed to be the z-axis of the
conventional spherical coordinate system where o (theta) is the angle
measured from jhe z-axis and ~ (phi) is the angl e measured from thex-y. plane . A 0-incident plane wave means tbe el ectric field intensity
associated with the incident plane wave is 0-polari zed. Simjlar ly, a
4)-incident p1a~e wave means the electric field intensity is 4)-polarized .

Since extensive experimental scale-model measurements for flush-
mounted and blade antennas on airc raft are available for comparison , the
analysis for the induced surface current and charge density is carried
out in terms of antenna problems .

Based on the two principal pl ane (rol l and elevation) model analyses
from previous work [1] and extensive work on prolate spheroids [2], a
numerical solution for the volumetric pattern of fuselage mounted
antennas is developed . The solution present here not only predicts the
vol umetric pattern accurately, it also reduces computer time and improves
computational efficiency considerably over that of a previous surface of
revolution approach [2]. The validity and capability of this new sol u-
tion are illustrated through comparison wi th extensive scale-model
measurements performed at NASA (Hampton , Va . ) .

Among the first solutions used to compute on-aircraft antenna pat-
terns were the modal solutions for infinitely long circular [4,5] and
elliptical [6] cyl i nders . These solutions model ed the fuselage by a
cyl i nder 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 enforc-
ing 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 wi re grid technique , de-
veloped by Richmond [7], using a point matching scheme [8]. This solution
required the determi nation of approximately 100 unknown currents per
square wavelength in order that the wi re grid adequately model a per-
fectly conducting surface. A more sophisticated approach has been developed
by Richmond [9] in which the reaction technique is used to solve for the
unknown currents . Yet this solution still requires a wi re grid model of
the aircraft wi th approximately 100 unknown currents per square wave-
length .

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 orthogona l unknown complex currents . Using this approach , the
unknown currents have been reduced to about 20 per square wavelength .
Thus , one is able to consider a much larger surface using these surface
patch solutions. However, all of these solutions are restricted to lower2



frequencies , based on the fundamental limi tation on the size of matri ces
which modern computers can solve without excessive loss of accuracy .

Another approach that has found great success at analyzing aircraft
antennas is the Geometrical Theory of Diffraction (GTD). GTD is basically
a high frequency solution which is divided into two basic problems ; these
bei ng wedge diffraction and curved surface diffraction. The wedge dif-
fraction 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], parabolic refl ectors [13 ,19],
and rectangular waveguide antennas [20]. Both of these di ffraction
solutions have been applied in computing the patterns of antennas mounted
on cyl i nders [21,22,23], rockets [24], wings [25 ,26], and aircraft [1,2,
27-32]. Using this approach , one applies a ray optics technique to de-
termi ne components of the field incident on the various scatterers. Com-
ponents of the diffracted field are found using the GTD sol utions in terms
of rays which are sunined wi th the geometrical optics terms in the far
field. The rays from a given scatterer tend to interact wi th 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 determi ne and include only the domi nant terms. Thus , one
need only be concerned wi th the important scattering components and
neglect all other higher-order terms . This makes the GTD approach ideal
for a general high frequency study of aircraft antennas in that only the
most basic structural features of the aircraft need to be model ed.

Since GTD is essentially a high frequency solution , the lower fre-
quency limi t of this solution is dictated by the spacings between the
various scattering centers in that they should be at least a wavelength
apart . In some cases even this requirement can be relaxed. Under this
restriction , the low frequency limit is typically around 100 MHz. The
upper frequency limit 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 demonstra ted the capability of the numerical solutions to
predict the radiation patterns of fuselage mounted antennas in an ef-
ficient and economical way. If the vol umetric patterns were found
directly by analyzing rays on complex three-dimensonal 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 wi th numerous scale model
measurements that the rol l plane model (an infinite elli ptic cylinder
wi th flat plate wi ngs) can be extended to cover almost the complete
vol umetric pattern except for two conical sectors (fore and aft) [30].
The limitations of the rol l plane model are due to the finite l ength of
fuselage . Yet , the problem of finite length fuselage has been solved ,
previously, in an elevation plane analysis (an infinite composite
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elliptic cylinder). Furthermore , based on previous three-dimensiona l
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 stabi l izer
previously i gnored 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 rol l plane model [1]. Using this approach ,
the complete volumetr ic pattern can be obta i ned wi th a )IIOUI~~i LuIi ~~~IS t I I i~j
of a composite elliptic cylinder to which are attached flat or bent
plates . As a result of this simpl i fied model , the solution is very
efficient and requires little computer storage.

The basic theoretical background on the geometrical theory of
diffraction (GTD) is presented in Section II. Both wedge diffraction
and curved surface diffraction are discussed . The infinitely long
elliptic cylinders (curved surfaces) is also presented in that section.
This formulation is essential for fuselage mounted antennas. Section I I
also incl udes the near fiel d scatteri ng by a finite bent plate which is
necessary for the determi nation of the scattering effects of seconda ry
contributors such as wings , cockpit , and stabilizers .

Section III describes the mathematical model of the aircra ft.
This section starts wi th a review of the two principal plane (roll art c~elevation) analyses and their application to the radiation patterns.
It , then , explains the way these two analyses are combined into a corn--
plete solution for the three dimensional aircraft model . The computer
simulation method to approximate the cross section and elevation profile
of an aircraft fuselage is also discussed .

Section IV presents the numerical results for the antenna patterns
us ing these newly developed solutions. Volumetric patterns of both cal-
cuiated and the experimenta l results are presented to demonstra te the
validity and capability of this solution . Section V presents the calcu-
lated surface current and charge densities induced on various aircraft
models. A complete volumetr ic pattern for the charge density induced on
a Boing 737 is also presented in this s ection . Finally, a summary of
the present study and a discussion of future topics are presented in
Section V I .

4
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SECTION I I

T H E O R E T I C A L  BACKGROUND

As stated in the introduction , the Geometrical Theory of
Diffraction (GTD) is i deal for a general high frequency study of
fuselage mounted aircraft antennas and induced surface densities of
current and cha rge . This is particularly true when the scattering
object is large in terms of the wavelength such as for electrically
large aircraft. An aircraft Shape is , in yerlerd i , qu iLe CUDI~~ iCA t.uiu-
sisting of many complicated scatterin g structures . To be abl e to obtain
an accurate radiation pattern , one must take these various scattering
struc tures i nto account .

Based on past performance , the GTD has proven itself wel l suited
to this type of analytical study . Not only does this approach fit
nicely into a ray optics format , but it also prov ides a means of
analyzing the effects of three-dimensional structures and identifying
the significant contributions in the resulting antenna pattern . Con-
sequently , 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
h i g h  frequency solut ion. The theory is based on the following postulates :

(1) The diffracted field propaga tes 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 like reflection and transmission is a local
phenomenon at high frequencies, i.e., it depends only on
the nature of the bounda ry surface and the incident field
in the immediate neighborhood of the point of diffraction.

(3) The diffracted wave propagates along its ray so that

(a) power i~; 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.

5
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Using these postulates , one can express the diffracted field
in the same form as a geometrical optics field with some coef-
ficient of proportionality to the incid ent field at the point of
diffraction. The coefficient is determined from a canonical
problem and is referred to as a diffraction coefficient.

For practical purposes , the GTD can be divided into two
ca tegories: (1) wedge diffraction theory - to treat diffraction
by edges and (2) c e ~p~n g wave t heory - to treat diffraction by
curved surfaces. The GTD has evolved considerably from its
~~~~~~~~~~~ ~~~~~~ 4 .~ ~~~~~~~~~~~ 1)ii1 ~~~~ r~~i ~~~~~~~~~~~~~~~~~~~ ._ . ._ . . . s _ a 

~~ ‘“ L ”’J~ 
..nJs ..J ¼..9~~L I I~~~u y ~~

cescriptions of the wedge diffraction problem and the diffraction
by a curved surface are presented in the following paragraphs.

1. DIFFRACTION BY A !4EDGE

An asymptoti c solution for the diffraction from a con-
~~cting wedge was f i rst solved by Sommerfeld [36]. Originally,
~l~ re wave diffra ction coefficients as presented by Keller were
us~~ as the sole GTD solution ; however , as shown in Re ference
:~‘~ c if f rac ti on of cy l i ndr i cal waves i s necessar y i n the treat-
ert of antennas.

Pa.i i [~2J intro~uc:ed the VB function as a practical
cr-~~let ion to the so ut .ion for a finite angle conducting

..e~
,:e. Recentl y , howevE r , Hutch ins and Kouyoumjian [ 39 ,4g]

pr~ten ted a for~iula tion for the diffracted field (VB), which
si ~ i fi c~ntly i~ 2roves the accuracy over that obtained from
t i ’ s fors~. This im proved diffrac tion solution [39,40]VB ( L ,4),n)
pr~ vides superior results in the transiti on regions (near the
‘nc ident and reflected shadow boundaries). It can be written
in the form

VB(L
~~

,n ) = I ( L ,4) ,n) + I~~ (L ,4) ,n) (1)

where

I~~(L ,4) ,n) ~~~~~~~~~~ 
~~~cot(~~~) ~ (2)

ejkLa J e Jt d1 + [higher-order terms]

J~T~

6



and where the higher-order terms are negligib le for large kL
and with n defined by the wedge angle [WA (2- n)r l .  Also ,
a = 1 + cos (4 )-2n~N) and N is a positive or negative integer
or zero, whichever most nearly satisfies the equations

2n~TN-4) = —iT for I (3a)

2nuN-4) = +~ for 1÷ (3b)

m e  var iables L and ~ are defined later .

The three -dimensional wed ge d i f f rac t ion prohiom is de~~cted
ir . F ig. 1. A source whose radiated E field is given ;y n(s) is
located at point s ’. It can be an arbitrary electric or magnetic
source caus ing a plane , cylindr ical , conical , or spher i cal wave
ir~ i:er.ce on the wedge. The diffracted vector field at observa-
t~sn point s can be written in terms of a dyadic diffracti on
c~efficient. Kouyoumjian and Pathak [41,42] have given a more
ri’;o ous basis for the Gil) formulation and have shown that the
c-ffr ~cted fields may be written compactly if they are in terms
cf a ray-fixed coordinate sys tem. The ray—Fixed coord i nate
sy~ten is centered at the point of diffraction QE (or points of
c; ffraction in the case of plane wave incidence) . QE i s a un i que
psi r .t (or points) for a given source and observation point. The
in cid en t ray diffracts as a cone of rays such that the half cone

= 
~~~~~~~ the angle wh i ch the inc ident ray makes w i th the

es~e

The r e l a t i onsh i p  between the or thogon a l un it vectors associ-
~i~i d  with the ray-fixed coordinate system (s ’ ,~~~~

‘ 
,~~~~

‘ ; ~~~~~ are
given by 0

I =

= 
~

‘ o ~~~~~~~~ (4)
S 8 0 x~

w here I is the incident direction unit vector , an d s is the
si ffraction direction unit vector. The diffracted field is ,
now , given by

= E ( Q E
) D ( s I )  A ( s )  e

_
~
k5 

(5)

The quantity A (s) is defined in Equation (13,) and QE is the diffraction
po i nt l ocated on the edge .

7
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Figure 1. Geometry for three-dimensional wedge diffraction
problem.
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Where

DE(S ,
I )  = - q ’~ Dh (6)

Equation (6) is a dyadic diffraction coefficient as given in
Reference [41 ,42]. The quantities D5 and Dh are the sca lar diffrac-
tion coefficients for the soft (Dirichlet) boundary condition at
the surface of the wedge and the hard (Neumann) boundary condition ,
respectively. These diffraction coefficients D5 and 0h arerelated to the V8 function described earlier by a constant as

,~
- jkL

fl .. d L e  (7
sin 8 B ‘

h
where L will be defined later when appl ied to straight edge.

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

E~(s) -v~ o]  E
~
(QE)

s i ne  A(s) ~~~~

E~(s) 0 -V~i Ei(QE) 
(8)

where

= V8(L ,~~,n) + V~(L~~~ fl) (9)

The minus sign (Vi applies for the ~-field vector parallel to the
edge wi th boundary condition

~~wedge~ 
= 0 (10)

*If an edge fixed coordinate system is used , Eq . (8) takes the form
of a 3 x 3 matrix.

(
9
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The plus sign (Vt) applies for the r-field vector perpendi cular
to the edge with boundary condition

(
~ 

‘
~ - O  . (11)

\~ wedge )

The angular relations are expr essed by

( 1 2)

wnere the minus sign (
~~

) is associated with the incident field
and the pl us sign (

~~
) wi th the reflected field. The quantity

A(s) is a ray divergence factor given by [41 ,42]

plane , cylindrical (5 =p) ,
ifT and conica l wave incidence

A (s ) = ‘ ~ (13)

s(s’+s) spherical wave incidence

and L, distance parameter , is given by [41 ,42]

s sin 2 ~ plane wave incidence

L = cylindrica l wave incidence (14)

s ’s sin 2e0 conical and spheri cal wave

~ + ~~~
‘ incidence .

For the two-dimensional wedge problem , illustrated in
Fig. 2 , where there is cyl indrical wave incidence wi th ~ = 900,
Eq. (8) reduces to give °

0 1 E~(p ’ ,~ ’) 

~k 
Q_
~2~I J .-2.~-, e~ ~~~~~~~~~ 

~~~~
E~(p,~) 0 — v~j EL(p ’ ,

~
’) (15)

10
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In the far field (p>>p ’), this become s

E~ (p ,$) 
1~
_V
8 0 1 E,11(p ’ ,+ ’) 

e~~
1”
~

d I + 1 ~~ e~~’~
’ 

~ (16)
E~(p ,4 ) L0 -V 8j E1(p ’ ,4 ’)

Putting this in ray form and factoring out e i
kp 

, one obtains

R~(q) 1_V
~ 

0 R~(~ ’) 
(17)

R~(~) L o -v~ R~(s ’)

The ray form used here is given by

-j kp
= P.(q~) ~~~~

—.___ (18)

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

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

E~(s , 8~~~

] 

[_v~ ~~~~~~~~~~~~~~ 
—

~
-
‘
-- ,- e 

JkS S S1fl ~O e~~~

0 -V~ E1(s’ ,i
~

,q ’) 
( 19)

In the far field (s>>s ’), we have

0 E~ (s ’ 

~~~~~~ s e
J k5 5

~~

2B0 ~~~~

E~ (s,~0,~ ) 0 _ V 1  E~ (s ’ ,~ç,,s’.~J (20)

(
11
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—jk s
Puttin g this in ray foriii .ind factoring out e 

, it. is seen that

~ ~~~~~~ 
-V~ 0 R 1(8~,.~’) 2I e i

~~
’ cos

LR1(B01~
) 0 -V~ Ri(~~

,
~
’) (21)

It is interesting to note that in the principal plane (8~ = 900)
the ray form of the three-dimensiona l case takes on the same form
as the two-dimensional problem.

The total ray value at the observation point s is given by
the sum of the geometrical optics terms and the diffracted terms

= ~~ °~(s )  + k’~(s) (22)

where

F~
1 (s ) * i(s) incident and reflected region I

= ~
1 (s) incident region II (23)

0 shadowed region III

and W~(s ) may be determi ned from the image of the source term using
basic geometrical optics tecnniques . These three regions are
illustrated in Fig. 2 for a two-dimensional wedge diffraction
problem.

2. DIFFRACTION 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 into 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 Q1 and Q
which form a curve on the diffracting surface , as illustrate
in Fig. 3. However , the actual concept of creeping waves was
introduced by Franz and Depperman [44,453. The basic concept
as presented in the following discussion is taken from
“Asymptotic High-Fr equency Methods ” by Kouyoumj ian [46] .

12
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Figure 2. Two—dimensional wedge diffraction geometry.
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Figure 3. DiffractIon by a smooth curved surface.

The diffra ction by a smooth curved surface is shown in
Fig. 3 in which 0 is the source point and P is the observation
pa int in the shadow reg ion. Applying Fermat’s princi ple , the
line O~1Q 2P is the shortest distance between 0 and P which does
rot penetra te the surface. In detail , a ray incident on the
siadow boundary at Ql divides ; one part of the incident energy
continues straight on as predicted by geometrica l opt ics,  a
second part fol low s the surface s into the shadow region as a
surface ray shedding diffracted rays tangentially as it
propagates where ~

‘, ft . and b are the unit vectors in the
cire-:tlo n of incidence , nocr~a l to the surf ace  s an d bi norm a l
~c tie surface (~ ~ x ~

) ,  respectively. The incident field
E’(Q1)

1
rr.~y be re~olve~ into its norma l and binorma l components

E (
~ l )  and b . E 1( Q l ) ) .  It is assumed that these two

components induce surface ray fields which propagate i nde-
penGently of each other along the geodesic arc between Ql andQ2.

14
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From Reference [46] the binormal surface ray field at Qi
is related to the binorma l component of the incident field at
by

-
A ( Q 1

) e = 05(Q1 ) b1 
. £1 (Q1 ) (24)

~.nere J5 (Q1) is the scalar diffraction coeffi cient for a soft
s~ rf ~ ce . The ampfl tude of the surf ace ray is assumed to be
governed by the conservation of energy between a pair of adjacent
surface rays. Hence , the ampli tude behavior of the fields is
gi ven as

1
____ - J a ( t ’ )  dt’
Id n 1 Q

A(Q2) 
= A( Q 1 ) 

~
j ~~—- e (25)

wnere

dr~1 and dri 2 
= the separation between a pair of rays at

Q 1 and Q2, respect ive l y .

= the att enu a t ion  cons ta n t w ich is a func t ion
of t, the coordina te along the surface ray ,
because it depends on the local radius of
curvature and its deriva tives .

Tie attenuat ion constant ç~(t) is intro duced due to the
tangential shedding of rays as the surface ray propagates . It
is seen from Fig. 3 that Q2 is a causti c of the di f fracte d field
and the second caustic is located at a distanc e p from Q2 Thus ,
the binorma l component of the diffracted field which rad’Iates
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

b2 ~~(P) = D5 (Q 2) A( Q 2 ) ei 2~~~~~ e~~
k5 (26)

15
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From Eqs. (24), (25), and (26), there results

E (P) = [~ 
E ( Q 1)] ~s~~1 

D
s (Q 2)J~~~

—
~s(~~~+ ~~

-j lk( t+s ) + f ~(t ’ )  dt ’l
1 Q1 -J

e (27)

It is found that b1 . 
~J
1 (Q1) excites an infinit y of surface

ray modes each with its own diffraction coefficient and attenua-
tion constant. Thus , the expression in Eq. (27) is replaced by

b~~. = [~l ~~~~~~~~~ Js(ø 
~

+ s) 
e j

~~
(t+

~~

Q2
- J ~ (t’) dt’

D~~(Q1 ) Dsm(~2) e ~ ] (28)

.~itio n (23) relates the d i ffracted field at P to the incident
field at Q1 for the soft surface boundary condition .

An expression similar to Eq. (23) is also obtained for the
norma l component of the incident field ; in this case , the scalar
~jffraction coefficients and attenuation constants for the hard
surface replace those of the soft surface. Therefore, the vector
diffracted~fie1d at P can be written in terms of the electro-
magnetic field Incident at as

t(p) = [~2~l v (l ,2) + b2b1 u(l s2)] . ~~~~~~~~~~~~~ e
jk5

(29)

in which v( l ,2) ,  u(l ,2) are

-J cim (t’) dt’ (30)
v (1 ,2) = u(l,2) =Jci_

~ 
e 3 ~ 

~ 
Dm(1) 0m~

2
~ 

e 1

16
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with the subscripts h , s, respectively, added to 0m and ~~
~o te that Ql an d Q2 have been rep laced by 1 an d 2 for the sake
of brevity. Finding dn 1 , dna , and p is simply a matter of
differential geometry involv ing the rays and surface ; this is
aiscusse d at length in Levy and Keller [43]. The generalized
diffraction coefficient and attenuation constant can be found In
Reference [47].

The diffraction thus far discussed is applied to the open
cjrve d surface . For a closed surface, each surface ray mode
produced at Ql encircles the surface an infinite number of times .
T he length  of the surfa ce ray pa th for the ~th enc irclement is
tenT where T is the circumference of the closed surface. These
r.~..1tip1e-encircling rays may be summed to contribute

-jkT - 

1

T 
am (t’) dt ’

1 - e

to the denominator of the dif fracted f ield. It is interest inq to
note that there must be another pair of diffraction points, Q~ dnd‘
~~~~~, for the closed surface as shown in Fig . 4. Therefore , the
ri eld at any point P in the shadow reqion is the sum of these two

ffracted fields from Qj-Q2 and Q~-Q4. The total field at any
p~ int in the illuminated region is, by the superposition principle ,
t’~e sum of inci dent , reflecte d an d di f f rac te d f i e l d s . A deta i led
discussion of this subject can be found in Reference [47].

3. DIFFRACTION BY AN INFINITELY LONG ELLIPTIC CYLINDER

An important special case of this GTfl solution is the one in
wn ich the antenna is mounted directly on the curved surface. This
is especia lly true for our purpose , since the radiation from slots
G nd monopoles mounted on smooth curved surfaces is pertinent to
t’~e design of flush-mounted antennas for aircraft and spacecraft .
~ cently, Pathak and Kouyoumji an [48-51] have extended the GTD
t~ .~n~que to treat the radiation from apertures or slots in convex
p~rfectly condu cting surfaces . This extension of GTD has been
s..~ccessfu1 ly appl ied to circular and elliptic cylinders , spheres ,
and spheroids. A similar GTD analysis of the radiation from
mcnopoles on a convex surface has , also , been recently completed
by Pathak and Luebbers [52] with the same degree of success.

(
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DIFFRACTED DIFFRACTED
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Figure 4. Diffraction by a smooth closed cylindrical surface.

The GID solutions for analyzing the radiation of antennas
mounted on convex surfaces are found from asymptoti c 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 geor~etrical optics ray field
adequately describes the field in the illuminated region (for
sufficient ly large closed convex surfaces , the contribution from
tie surface rays is negligible). In the transition region
adjacent to the shadow boundary , the Fock-tyoe 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.

18
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Using the GTD solution , a launching coefficient is intro-
duced to relate the antenna f ie ld to the boundary layer surface
wa ves 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 diffrac ted
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 alonq the
geodesic path in that energy is continually diffracted. Thi s
decay is expressed by an attenuation coeffic ient w ri ch is
dependent on the surface geometry along the qt odes ic path.

The GTD solutions for irifini tesi ma l Sl Ot an’l orI~ pole
antennas mounted on an e l l iptic cylinder as sh’~.ri in h g .  5
are given , wi th torsional effects included [4’i-52], by:

a. Monopole Case

(1) Illuminated region

= - sin OmOmF(soUrce) (31)

(2) Transition region

(a) Illuminated side

~:I
I x~

~~~ 1n .~~~~~~~~g*(~ )
z x s o

+ 
~
{(s9n)

~~~~;~~~~T J~i~ -l

-j(ks + ~3/3~
e . F (tangent) (32 )

(
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OF FA R FIELD
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(b) GEOMETRY OF SLOT PROBLEM

Figure 5. Geometry of antennas mounted on an infinitely long
elliptic cyl i nder.
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(b) Shadow side

i/6 1
~~~~~~ ~ n g *(~ )+

Jd ’~ [g(Q’)j ~

(sgn)J~~~~~ -l [-~—~
r3 ~*(~)}

F (tangent ) (33)

(3) Deep Shadow Region

= ~ [n. E~ + b.(sgn)j~~~~-~- -l E~]
. F. (tangent)

j ~ ‘~ ~ ~°~(Q’) 
3 3

(34)

b. Slot Case

(1) Illuminated region

E = [(e1 sin ~ - e2 cos ~) x s]. F (source) (35)

(2) Transition Region

(a) Lit side

1. n ’ x s
= ~ 1~n ~sin ~~~~ cos 

~~~~~

- 

i~ ~ 
cos cz~ sin

+ ~ ~g ( O’ ).. ~~~~~~ ( J_~~2
~ T ( Q ’ )  1~±~.s~

J11”3 
~ ~

[2  J
-j(ks + ~3/3)

sin cz~ sin B~*(~)~ e 
. F (tangent)

) (36)

(
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(b) Shadow side

= 1J IP~~Q) 
1/6

~~ ~~P
q ( Ql)]  

1~ui [sin (Q~~ -B) g*(~)]

+ bI~-~~~1 (~~ 

~I ? 11 /3

[kP~~~’~~j 
)sin r~ ‘

~~~~~~

• F (tangent) (37)

(3) Deep Shadow Region

= 

~ 

- 
~

) E~ + ~ ~~~~~~~~~~~~~ ~~ ~~~ E~]J 
~r ( Q ’)

F~ (tangent) 
(38)

w here

E h J d
~ 

1 fy ~ (9.)d2.0= d~T~ ~ 
D~~L~~e

m~ 0

oE5 j d~ 1 -fy~ (~ )dt
= d~T m~O 

D~~L~~e

sgn = . (n ’ x z ’)
It ’ . (n ’ x z ’)~

k 
1/3 

~i 11umina ted side; I f= ) 
(~~~~

2-~~)) 
d~ 

1sha dow sid e
for

g*(.),g*(.) complex conjugates of the Fock functions [48]
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fl I ,bs ,t~,n ,b ,t norma l , binormal , and tangent unit
vectors to the surface , at source point Q’
and diffraction point Q, respectively.

F() phase factor required to refer the phase
of a ray to the center of the coordinate
system

spread factor and equals unity for this
case [48 ]

p ,p longitudinal and transverse radii ofg T curvature

unit vectors in the principa l directions
in which the geodesics have no torsion

so unit vector pointed from the source to
the observation point

S the distance from the source to the0 observation point

Note that the superscripts h and s indicate the hard and soft
boundary conditions, respectivel y.

The launching coefficients are given by [48]

Lh = [iieJ~~~
2) 0hm m 

~ 
Pg) 1 at the source Q’

= 
[~
e J~~~

12) o~
(
~~ )2/

3 
A j(~qm)]Pg at the source Q’

where D~ is defined in Table 1. The subscript m refers to the
mtfl mode of the boundary layer surface wave . Thus , ‘rm is the
propaga tion constant for the mth mode surface wave such that

• rm ~m 
+ jk , where ‘m is defined in Table I. The quantity

q
~ is the root of Miller -type Airy function A~(-q~), that  is ,
A ,(-q0)=O. Simi larly qm is the root of A~(-q~), the derivativeof A j(-q~) with respect to the argument of the Airy function .

(
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The incremental arc len gth along the geodesic pat~ io expressed
by d~. The sumation over j in the shadow region ind i c i t t ’~ th dt
several terms can contribute in that region. It is noted that for
a slot oriented at 45° wi th respect to the z-axis , Eqs. (36) to
(3c ) are not sufficientl y accurate for calculating the radiation
pattern as a function of ~ where e = 45°. For this special case
and for cases sufficiently close to it , an additi onal correction
term E

~ 
should be included as indicated in Reference [50 ,51].

One must f irst find an eff i c i en t solu t ion for the geodes i c
paths on the el l ipt ic cylinder 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 c o s h u cos v = a f cos V

Y d S l f l h U 5 i f l V bf Sifl V (39)

z = z

where 2d is the distance between the foci of the el li~;’ .
Note that for u u~ , where u~ = tanh 1(b f/a f ) , the preceding
equations define an elliptica l surface. Thus , any point on
the elliptical surface is expressed by v , which varies from
0 to 2n .

Usin g the calculus of variations , the z-coordinate of the
geodesic paths on an elliptical surface are given by

z(v) C j fj sin
2 v + bf

2 C0s2 v dv z ( v . )
J 1 - C 2 ~i 

1

~Iote that vj and V f are , respectively , the initia l and fina l
values of v along a given geodesic path . If one defines the
geodesic starting direction by the angle (c~~) as shown in
F~g. 5, then C = -cos ~~~

. The advantage of this geodesic
solution lies in the fact that the integral can be quickly
evaluated using numerical techniques . The important parameters
of this problem are listed below:
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Y

~~~~~~~~~~~~~~~~~~~~~~ V
U U 3 V~~V2

u~~u 2
v~~v I

— — 
u =u I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
u~O v=O— —  - x

Figure 6. Diagram showin g the elliptic cylinder coordi nate system.

z = 
•
~:~ :~ j:: ./af s in 2 v + bf

2 cos2 v dv

(geodesic eqi~ation)

= 1iTn~~~[ J 1
~ 
..ja f

2 s in2 v + bf
2 cos2 v dv

1 (arc l ength)
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-a f sin v x + b f cos vY
e1 = 

Ja f sin v + b f cos 2 v

(curvalinear coordinates)

e2 = z

t = S’l fl 
~s~l 

- cos (unit tangent vector)

bf cos v x + a f sin vy
n = _______________________ (unit normal vector)

J af sin 2 v + bf
2 cos 2

b = t x n = -cos a5e1 - s in

( unit binorma~ vector )

(a f
2 sin 2 v + bf

2 
cos2 

v)3”2
Pg 

= 
a fbf S i fl

(longitudinal radius of curvature ).

Using the preceding relations , one can employ (3l)-(38) to
determine the total radi ated fields in the whole space except for
tw~ sm~ll sectors around the cyl inder axis where 

~ 
is near 0 or ~~ ,

since the solu tion fails in these regions.

4. NEAR FIELD SCATTERING BY A FINITE BENT PLATE

The near field scattering by a finite bent plate is a
r e l a t i v e l y  new topi c a t h ig her f requ encies  wh ere the p la te is
large in terms of the wavelength . The solution presented here
is a practical appli cation of the three-dimensional wedge dif-
fraction theory given earl ier. The source is defined by its
loca tion and far-field pattern . The far-field pattern of the
so rce is appropr ia te  in tha t  t he p la te i s loca ted a t least
2D2/~ 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 spec ified plus an additional corner (MC ) defined as input
to the computer program. The plate is initially flat (c~ = 1800 in
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Fig. 7). It can then be bent about the line joining corner El
and MC such that 90° < a ~ 270° .

STATIONARY
(PLATE

• 4 1 3X SOURCE

MC+~~~~MC~\\ f~rr iii~’a~ f

N-I N

• MOVING
2 PLAT E

Figure 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

27
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finite plate . There are many ways of find i ng this diffraction
point , one of which is described here . Since it is known that

= 
~~

‘ (see Fig .  1), it is obvious that

em 
• I = em d (41)

where em , I , and d are , respectiv ely, the m th edge un it vector ,
incident direction unit vector , and diffraction direction unit
vector. Since the scatter direction is known (o s,c~s), thevalue  of 

~m 
d = Cm is easily computed at each edge. O~e needs

only search along the edge to fin d the point where em 
. I = C

m~

Once the diffraction point is located , one must find the
diffracted field va l ue from the mth edge. The far field pattern
of the source can be written as

-, — jks ’ — jks ’
E5

(o ,~) = [e F(O ,q) + c~G(O ,4)] ~~—,----- = i~(o ,q) ~~~ (42)

o-~ere s ’ is the range from the source to the field point. Using
t~.e geometry illustrated in Fig. 7 and applying the results
presented earlier , one fi nds that

R~ -V~ 0 R~
-j[k(s’ - y) -k p]

= e (43)
0 -V~ Ri~

~ i ere

R~ = R ( O . , I~ .)  •

RI = R(6 ~ ,~~ ) .

k p  = ks ’ sin 2 B0

I = Xdp Sl fl 0
s ~~~ ~s 

+ 
~
‘dp ~~ ~s ~~~ + Z dp COS O

s

V 8 = V 8 (k p/k , $-
~~~

‘ , 2) ~ V8(k p/k , $+~~
‘ , 2) •

~ 
= I x ~~o

s
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The coordinates (xdp~ ~
‘dp ’ zdp ) define the point of diffraction .

Once these terms are determined , the total diffracted field
‘in ray form from a genera l ruth ed ge is given by

= R~1 B0 + R~~j (44)

~~ere = d x 
~r~• Using the superposition principle , the tota l

si r ql y diffracted field in ray form by the n edges of the plate
is given using Eq. (44) by

~~~~ 
~~~~~~~~~~~~~~ ~~~~~~ 

(45)

The first step in calculatin g the reflected field is to find
the locations of the image sources, which are un iquely determined
once the planes of the f lat plat es are defined relative to the
source location. In fact, the image is located along lines whi ch
ar e or thogonal to the di fferent port ions of the p la te and pos i-
tioned an equal distance on the opposite side of the plate .

~‘~ith the image position known , one needs to determine if the
reflec ted field contributes to the total scattered field using
Vie gecmetrical optics approach. If the reflected field is a
cjr.tributor , the ray from the ima ge source i n the scatter di rec-
tion (

~~, 
~~~) must pass through the f ini te plate l imits.  Thus ,

c~e must find the locat ion of the intersection point of this ray
aia the plane containing the flat plate. This can easily be
accomp lished using vector an a lys i s .  One can , then , predict
within certain limi ts whether this intersection point falls
within the bounds of the finite flat plate .

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

~
‘(e~~, ~~~) = [er Fr(65 , •~ + r G’(e

5
, ~~~

~~~~~ 
sin cos + 

~~ 
sin sin + cos e~]

(46)

where 0r and c~~
’ are related to the inage source coordinate system

with the image location defined by (
~~ , y 1 , z~ ). The functions

(
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~s
) and Gr(o ~ )] are found by employing the boundary

cundi~ ions on the per~ect~y conducting flat plate . The total
scattered field from the flat plate is , then , given by

~s(O •~ = ~d~0 •~ + Rr (0 5 , •~) (47)

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

(a) single diffraction of incident field as shown in
Fi g. 8(a)

(b) single reflection of inciden t field as shown in
Fig. 8(b)

(c) double reflection of incident field as shown in
Fi g. 8(c)

(ci ) single diffraction of reflected field as shown in
Fig. 8(d).

~~ of the terms has been illustrated in a two-dimensional view
just for simplicity in illustrating the mechanI sms ’ wherea s , the
actual solution is for the three-dimensional geometry . These
ter~s have all been incorporated in a general bent plate solu-
tion. Note that only those terms are included which are not
s~udowed 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
r~-~~~,~

’.ts taken for a ~/2 dipole illum i nating a flat plate . This
solution is also compared wi th results obta i ned using a moment
rnetiod patch techniqu e [50] as illustrated in Figs . 10 and 11 .
Note that for these comparisons the plate dimensions are quite
smal l  in te rms of the wavel ength , which accounts for the small
~is’:r’- ;~-~ncies in the patterns between the two soluti ons. This
structure w ll l be incorporated into the aircraft model of
Section III in order to account for bent wings , moving flaps ,
ver tical stabilizer , etc.
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Fi gure 8a . Single diffraction of inc ident field.
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Figure 8b. Single reflection of Incident field.
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Figure 8c. Double reflection of inc ident field.
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Figure 8d . ~~ngle diffraction of reflected field.
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Figure 9 . E~ radiation pattern for a small dipole mounted above
a square plate for B = 90° and 0 ~ ~ 360° at
f = 10.436 GHz .
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SECTION III
MATHEMATICAL MODELING OF AIRCRAFT

FOR PATTERN COMPUTATIONS

In this section , the mathematical model ing of an antenna
on an aircraft is described . This mathemati cal 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 comparabl e to measured results.
The model is systematically increased in complexity to resolve
discrepancies between calculated and measured results , yet basic
s’ip licity is reta i ned. One of the restrictions in the model is
that the antenna under considera tion is located near the top or
bottom of the fuselage surface .

This section begins wi th a brief review of the crdlyses
usi ng the elevation plane model and the roll plane mod el. 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 cyl i nders is explained in  detail.
Tr,e numerical technique to generate the necessary elliptic cjlinders
is also discussed . Finally, the radiation patterns in principal
planes for various cases are calculated to illustrate the versa-
tility of the newly developed solutions .

1 . ANAL YSIS OF ELEVAT ION PLANE MODEL

In most cases , the domi na nt s t ruc tura l  ef fect in  the
e’ ev a ti on p la ne i s the profi l e  of the a i r c ra f t  for f usel age
~“~srted antennas. An aircraf t fuselage is usual ly a conv ex
t~~~~i tnat cannot be completely described by si m ple mathemati cal
e~uation s. Hence, in practice , an aircraft shape is often
s.~ec;f~ed by points. Consequently, a metho d cal l ed se cti on
~~t~rnny method” has been developed [28] to handle the problem of
an antenna mounted on a fuselage surface of general shape .
-owever , this method is restricted to prin cipal plane pattern
calcu la tions. For off-principal plane pattern calc ulat ions
t~’e sethod is hard to apply, since a complete three -dimensional
descr iption of the fuselage surface is difficult to obtain.
Farthermore , the lack of informati on on the geodesic paths and
t rsion effect of the curved surface create serious problems in
tne prediction of antenna patterns. Consequently, 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 cyl i nders mounted back-to-
back as shown in Fig. 12. Note that as discussed in the last
chap ter , 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 section are
based on elliptic cylinder models; ho~ever , one of the advantagesof GTD is that it can be extended to new structures after making
certain assumptions. In this case, i t is assumed that there are no
diffractions from the junction lines of the two ellipses . This
assump tion is justified since these junctions are non-existent in the
actua l aircraft profile. Note that the GTD solution in the illuminated
region does not depend on the surface paramet ers in tha t it is
assumed the source is mounted on an infinite ground plane tangent
to the surface at the source point. On the other hand , the trans i tion
aid deep-shadow region solutions are modified due to their dependence
upon the surface parameters . This modification requires that one
use bf = 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.

Y IRST ANT ENNA LOCAT ION
IFORWAkO THE W I N O S )  S(CONO ANTENNA

~~-~~~~ LQCAT ION ( AB Ov E THE
__________________  

WINOS )
S

L
b .
;. b’~~~O 151

9gure 12. Theoretical model of XC-135 aircraft.
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Since the model employed is a compos i te elliptic cylind er ,
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
jAncti on line , the solution presented in paragraph 3 of Section
II 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 cross ing the
junction line is necessary . It is noted that due to the large radius
of curvature at the junction line 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 wri tten , according to Eq. (34) for hard boundary con-
ditions and wi th only the first mode retained , as

+ jk) ds
E = CL (Q’) 0(Q) e (48’

~ ‘e re C is a complex constan t .  This result indicates that the f i eld
~~~racted from the curved surface is related only to the launchi ng
co eff i c i en t at the source po i nt and the d i f f rac ti on coe ff i cient at
t~e diffraction point. Thus , when the diffraction point is on the
right half elliptic cylinder , the field is given by

Q
- (a + jk) ds

E = C L(a ,b) D2(a ,b’) e (49)

note that a and b are the semi minor and semimajor axes of the left
half ellipse and a and b’ are the semiminor and semimajor axes of
the right half ellipse, respectively. Simi larly, the f i e ld
diffracted from point Q on the l eft half ellipse is expressed as

0 Q
- J (a + jk) ds

E = C L(a,b) D1 (a,b) e (50)
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At the junction , Eqs . (49) and (50) become

rJ
- J (cz+jk) ds

= C L(a ,b) D2~(a ,b’) e (51)

and
rJ

— J (~~+ jk) ds
E3 = C L(a ,b) D1~ (a~b) e (52)

respectively, where the subscript J denotes the junct i on .

It is noted that Eqs. (51) and (52) do not agree with each
other which indicates a discontinuity exists in the diffracted
f ield. However , this is not true in practice, since the field
p a s t  be continuous as the diffraction point crosses the junction .
C) paring Eqs . (51 ) and (52) , one notes that if a modification
fac tor

D1~ (a ,b)

[~~~~T~~~~~~Y

is introduced , the field is continuous as the diffraction point
crosses the junction. Thus , Eq. (48) is modified to give

tQ
D~ (a ,b) - (ci + jk) ds

E = C ~ b~~ 
L(a ,b) D~,(a,b ’) e (53)

2j~a~

‘notice that Eq. (53) is valid only for the surface wave which
crosse s the junction , i .e.,  the diffraction point and source
point occur on different elliptic cylinders .

From Table I , one sees that the factor introduced in Eq.
(53 ) can be simplif ied to give

D1~ (a .b) ~g~(a,b) 
1/6 [b ~l/3

_ _ _ _ _ _  = 

~~~~~~~~~~~~~~~~~~~~~~ 

] [b ’ j  (54 )

which depends only upon the ratio of the two

42

-,r ~~
------- - -- -- --- --



1.4‘-I
0

— 1~ r , .,
• C) - OS — p.1~. ~ s .

- ‘ . . S  e U . • •o a ) C) — C ) — U r o ..~- — - —— r-~ — a 0 a — —Q 1.1 fl 0 0 ‘fl .t-~ — .—a - 4 . —  . I a I a
— • - -

— .- .5. - - - ‘.~ U) X ~~ — —a a ~ .a ~~ — ~~. ~ I a a

4

. . . . S..

2 :~ 4 ~ 4
~ ~1 -J ~ UI ~ ~~ .~~ ~~

• .-~~~ ~~ 
a 5. ~~

8 . ‘-‘ ‘— • .... ... - (I) >

~ z d 
.,

~ 
-
~~~

4-’md’ ~~ —‘.. 1 ia —

_ 
_ _  _ _ _ _  _ _ _ _  

I
I- . €7°iQ cr1 . 

~~~~~.4 o-~-- w o .  —
° _ _ _  

__ 
~~ s- a. •— 

0) 0  4~~ 4-’ ~~— 
~~~

. 
~~UJ 

~.! • -m-’ v .~_I r.9 14-.-.1 
I I-, I-, 

~1~~ — 0-
~ D~~W ~~~.— 4-’

— — -, c 0. C~ J * 0)I.- • - a. 4. 0~~ - C~~~ >

8 . . . 
4~~ 4~~ C”)

4, 4. • 015 • 0 ) 0 )  0 0  4.~~C”) >ol 5 j 
~ + aI,~

U + m .. ~~ ~~-. -i 
~~~~~~ —.2 I .J5 + 4J 4J ~~~4- U, 0) C

* o - a o

~s 2 r —~~~ — ~~~ + — • I- 5 0) S.- 0)

~~ .~ ~~ 
—

~~~~ ~~~~~~~- ~~~~~~ ~~ .~~ ~~~~~~~~~~~~ ~~~_3 
is ~

_“ ‘4~~~4~ 0) r~ IIU t h 4

~~~ ~ Iid’~ ~~~~~~~~ ~~IIa 0 0 0- 0)_ 
— a ~~1 • 

~~ ~~~ .
~~~ o ~

..

~~ 
‘— — 

.~~~ .~~ 
~~ L ~4 

— v~a ~~~~~ s -a
— (0

~~ 0 0 .— •.-.~ 0)3 - S..~~~.. C .-  ~~— 
~. I 1 . 4 1  

11 11 ‘ f
L1 ‘— ‘4-

~~~
1.

~~a .~~ I -~. P —  C 4-’ O) - 0

~~-
~
.~ ‘.a I- ~ i—0.

~ e.. l.a V.4

~~ . 1

( ~~~~~

43
- 

1r~ -- - -- ——----- -——--- -- -----—— —



of the composite ellipse. For a continuous elliptic cyl i nder ,
this factor reduces to unity as expected . Note that Eq. (53)
can be generalized to describe the field diffracted from an
arbitrary point on the curved surface as

- (a + jk) ds
E = C L(Q’) 0(Q) p e Q ’ (55)

where -

if Q and Q are on same el l ipt ic cylinder
p
~~

1~g~ (ell ipse wi th source) 1/6

[~9j
(i~Il ipse wi thout sour~~T 

otherwise.

(56)

In a s imilar manner , this factor can be determined torough
the field expression in the transition region as presented in
Chapter II and is found to be the same as Eq. (56).

To i l l u s tra te the newl y mo d i f i e d solu ti on , the eleva tion
pl~ re radiation patterns for antennas mounted on the KC-l35 air-
craft are now analyzed. Since the antennas of interest are located
on to~ of the fusela’je and along the center line , the most significant
e~~ ect s  on the pattern result from the upper surface of the
fsselage profile. The structure used to simulate the 1/25th
sc~~e model consists of a 3~75 by 60” right semi-elliptic cylinder
aid an 3.75” by 3 ’  left semielliptic cy linder as shown in Fig. 12.
~s i — ~ Eqs . (31) to (~9) in Section II wi th the m odificati ons just
described , the radiation patterns in the elevation plan e for
antennas mounted on our model can be easily determined .

The elevation plane patterns for a X /4 monopole mounte d
forwa rd and over the wing s are illustrated in Fig. 14 (a) and (b),
respect ively.  The patterns for a circumferential KA-band wave-
~~ide are illustrated in Figs . 15 (a) and (b) .  Finally, the
results for an axial K.A-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 infinitesima l elements as shown in Fig.
17.
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Figure 14a. Elevation plane pattern for a A/4 monopole mounted
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The comparison between ca lcu l it rd  and measured results is
encouraging , especially woen the ante rr~ ’. -ire locdted dbove
the win s. The discrepancy displayed in the fore and aft regions ,
pa rt i cu la r ly  for the case of antennas located forward of the wing,
~; d-~e tr-’ the effects of the cockpit and nose section and the
v~ rt ica 1 stabi l izer  which are neglected in the present t~~oretica 1
mod~l

:n the preceding analysis, the c’• ’fe ct, of the aircraft in the
r ’j;e of the radome was neglected. In order to si~- ulU te a fuselage

a radone , a tri n~ated composite elliptic cylinder model as
;~;~in in Fig. 1 -3 is adopted. Thi s is based on ei:en imental data
tiat the radome effect appears to be •i d i f f r a c t io n  f rom the bulk

‘-~ ad as if the radome were not presen’..

£~efore proc dinq to solve this prrible:n, by c~reful consider-
atiso it can be converted into a simpl er problem . With the fact
tnat a slot or r-~;no~ole radiating in the presence of a composite
el l i s tic cylinder can be considered as an antenna itself , the
present proble— can be approxima ted by the radiation problem of
an e~~ivalent antesr~ mc -~n ted on a we dg e type structure as shown
‘in Er;. 19.where the antenna is mounted on the bottom of the
f~sel ~ge. This eqii v al ent antenna r;~diate s ~he sane pattern astlr; t of a slot or 5-’ir- r,po~e mo unted r,n our previ ous model without
t O T : r-Lds -e CoflSid~ r~ed. The wedge; are formed and defined by the
~~~rg e r it pl~ires at the di scontinuities and Q2 . Thus, the
nj ..ia tlu n problen sf ~ f~selar ;e modc l wi th a radr-r~ included
is transform ed to a wedge diffraction problem , and can be solved
uS~~fl~ standard ~TJ techni ques .

Figure 1’? illu str ates the necess~ry components of the total
electr ic  f ield in the di fferent regions given by

~i —d —dd

~r:q 
+ E + E ~r —  ~~~~

1
1_~~~

- - i
~~ , ‘~— O

+ E~~ ‘
~~~~~~~~~~~~~~~ 

~-dd 

~~~~~~~~~~~ 

(57)

Eeq +

.ote tn-i t E~. is the radiated f ie ld of the equivalent antenna
dr~scr i~ ed a 5~ve , [d is the sin ql y diffr acted field from edge 1
ao ~ ~du is the diffra cted field from edge 2. It is noted that
t-e contributions from any other higher order diffraction terms
are so small compa red to single and double diffraction that
they are ignored for our purposes . -
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Using Eq. (57), the elevation plane patterns for the space
shut tle as shown in Fig. 20 wi th the radomne included are calcu-
lated. Figures 21 to 23 illustrate the radiation patterns for both
vertical (nonopole and circumferential wavegui de) and horizonta l
(axial waveguide) polariza tion sources mounted on the fuselage of
the 1135th scale model of the space shuttle wi th the radome considered .
The structure used to simulate the 1/35th scale model consists
of a 2.55 ’ by 12.5” left semi—ellipse and a 2.55” by 60.0” r igh t
semi -el l ipse. The size of the radome is 6.5” and the source is
moun ted 2” away from the radome . Figure 24 shows the radiation
pattern of the space shuttle wi th radome size being 2” and
antenna mounted 12” away from radome . Note that the waveguide
used here is th~ sane V.A -band waveq ui rie used previou sly. The
experimenta l results , which were taken at NASA (Hampton , V a . )  at
a frequency of 35 GHz, are also presented. The agreement between
calculated and measured results illustrate s the applicability of
the numerical analys is technique being developed in this study .

Note a lso 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 fuse lage mode l, th i s
model can only be used to compute the off-elevation plane patterns
accurately up to approximately ±30° from the elevation plane.

2. ANALYSIS OF ROLL PLAN E MODEL

The basic aircraft to be analyzed in this section is composed
of flat plates attached to an infinitely long ellip tic cylinder.
Cri~- ina l 1y, a circular cyl i nder was used to represent the fuselage
[ 2 7 j ,  an d the modal solutions were employed to determine the
fie~d. However , an aircraft cross section is not circular in
ger ,eral . To be ab le to predict the radiati on pattern more
acc urately, one has to consider a better model for the fuselage
app roxi — ation .

S i nce the roll pl~ine cuts orthoqonal ly across the fuselage ,
c-e should expect the fuselage cross section to have a strong
e f f ec t  on the roll plane pattern. On the other hand , an a i rcraf t
‘~ ‘,c ’ iage is norrially long and s lender , such that its f ini te length
e~~e-:t; are generally secondary . Consequently , the infinitely long
e’’iptic cylinder representation of the fuselage for roll plane
c~
’c~ lations appears to be a reasonable approximation in most

c~se;. Since the antenna can be arbitrarily positioned on the
fJ .f.iar;e wi th respect to the w ings , one must consider the w idt I~of t~e wing as well as its length in order to obtain a practical
as~lyt-c model . In order to accomplish this , the near field
~ent plate scattering solution is adapted to this new model
Suc h as Illustrat ed in Fig. 25. Note that the wings are
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Figure 20b. Theoretical model of 1/35th scale model of space
shuttle.
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VERTICAL POL . SPACE SHUTTLE
MONOPOLE WITH RADOM E
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Fi gure 21. Elevation pattern of monopole on a 1/35th scale model
of space shuttle (with radorne Included).

54



VERTICAL POL. SPAC E SHUTTLE
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Figure 22. Elevation pattern of circumferential slot on a
1 /35th scale model of space shuttle (with radome
included).
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HORIZONTAL POL. SPACE SHUTTLE
WAVEGU IDE W ITH RADOME
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Figure 23. Elevation pattern of axial slot on a 1/35th scale
model of space shuttle (with radome Included).
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HORIZONTA L P01. SPACE SHUTTLE
WAVEGUIDE WITH RADOME
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Fioure 24. Elevation pattern of axial slot on a i/35th scale
model of space shuttle (with radome being 2”).
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SOURC E LOCATION

x EFFECTIVE
SOURCE RADIATIONLOCATION DIRECTION

Figure 25a. Reflection problem in x—y plane .
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Figure 25b. Diffrac tion problem In y— z plane.
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assumed flat here and each winy can be located arb i t ri r i ly
with any nt~mber of edges. The wings , d l oo , can be moun ted up
or down from the central location provided that the wings are
horizontal.

The mod el , now , consists of an infinitely long d l  i ; t i C
cylinder fuselage to which finite fla t wing s are at tiLhP-i . The
various confi q ur i t io ns analyzed are shown in Fig. 21- lcu k ing
fro m the front of the al rcri tt  wi th the antenna muunted in
eu;h ca ,e above the wing s for the ;ii ’h l’  i llus t rate l . Js i rg
t re ce models , one shuild be able to ana ly i  i w i d e  - i - ri ety of
a i r c ra f t  shapes. Th is  is verifi ed by a coms r i ’ s n  or resul ts
taken on actual ai rcra ft sca l e  mode ls and pres e n t i - u li ter.

Let us fi rst  f ind  the ef f e c t i v e  so urce l o c i t i o r i  or the
r ’ f ~~cted f ie ld .  [ - ec i l l  that in the f l i t  p l i t e  r~ su lt , the
So~ c e  w as n: iqi d ar id the ref 1e t ’ l  fie ld iddr ’d to I ’  totdl
sol it ion provided t b  i n i j e  iy  p a s e I  through the f i n
f I ~ t p1 dte (w i  n j )  limit ’, . One must in i tia 11 / cl e te rm : ne the
effective source po sition and then the reflected field. With
t r - c i r c e  r~o~ nted On d f l  infin itely long elliptic cy l inder ,
~~~ sur f ace rays from the source propagate dround the cyl inder
a c r j ‘ideOiC path s , from w h i c h  energy is cont inual ly d i f f racted

1-, . Now let us assume that the source does not ill umi —

na te the ri ght wing directly (as illustrated in Fig. 25 (a ) )  and
;~r )c ( ed to determine t rio un ique geodesic path that d i f f rac ts
ene rgy from a known tangent point which is then ref lected off
the wing in the des i red rad ia t ion (or scatter)  direction.

The effectiv e source position for reflections from the right
wing in terms of the radi ation direction (c , , ~~~~

) is given by

X = df Coo V

= bf s in  v
~ 

(58)

Z = cot u s J~ ~~~ 
s i n 2 v + h~ cos 2 v dv + z~0

where ye tan~~(bf/af cot ~
,,). These coordinates car , then ,

be used in the f lat  plate problem as the e f fec t i ve  source loca-
tion. Note that as the desired rad iation direction is varied ,
the effective source loca tion changes. In addition , if the
source directly il l umin a te’, the win g for a given reflection
tv - rn , then the effective source location is simply the dctu al
source location (uf, v~ , ~~~ A result similar to Eq. (ba)
can be found for the re~lections from the left wing. Finally,
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Figure 26. Fuselage and wi ng geometry for theoretical aircraft
model looking from the front. The antenna is always
mounted on top of the models .
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the actu al source field value used to compute the reflected
ter:- is determined from the GTD solutions in Chapter II.

~sing a similar technique, the effective source locations
for the d i f f racted f ield 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
po~r.ts along a given edge . Once a test point (xd, Yd’ zd) is
speci f ied a long the edge , one can find the effective source
location (Xe, Ye. ze) using the geom etry illustrated in Fig.
25(b). Again it is assumed that the source does not directl y
illuminate the test point. One finds that the effective source
is given by

2 2  2 ! 2  22  2 2afbfxd + afy~.,/ afyd ~ h~x~ - afbfX e 
= 

~~~~~~~~d fyd + bfxd

2 2  2 T 2 2  22 2 2afb fyd - bfxd~1a f
yd + bfxd - a fbf

- 

~~ ~~2 2 ~~~~~~~a fyd + bf x d

— 
bfXeZd :v + afzSO

(yd 
-

Ze 
— 

bfXel + af(yd ~~~~~ 
(59)

wnere
r e  1 2 . 2  2 2

j  a~ sin v + bf cos v dv ,
V

s0

2 2 2 2 11Y/b f\= sin V
e 

+ bf COS V , and Ve 
= tan

Given the effective source location for the chosen test
point, the search technique is applie d to find the actual dif-
fraction point along a given edge. ~4ote tha t once the actuala i rf ra c t i on  point is determined , the effect ive source of the
diffracted field is spec ified 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 suming the directl y radiated
f ie ld w ith  the Sc a t te red  f ie ld using the superpo s it ion princip le.
~k e r~~.i l s f u r  i ~/4 rnonopole oil the fuse lage of a 1/25th scale
rc-~el of a KC -l~ h aircraft , as shown in Fi g. 12 , forwa rd and over
t r -  s a rc crOwn ii Fi’js . 27 (a )  and (b) ,  respec t i ve l y .  The
re~~lts for a V.A-band circumferential wave quide forward and over
tr ~~ ~.:njs are shown in Fig. 28. The results for a KA-band axial
-w - i1~~~~de ~c rward and above the wing s are shown in Fig. 29. The
~~~~~~~ in tris case , is a pproximated by a 3 ’ x 3” infinitely
icc~ elli ~ ti c cy lin der. The wavegu ide antenn a is modeled as in
sic previous section , a nd the agreement in each case i s very
erco ur aq in g. Again , it should be stressed tha t the roll plane
~c ie l  solut ion not on ly can predict the radiat ion pattern
accA rat el j in the roll plane , it also can be extended to cover
almo st tne complete volumetri c pattern as shown in Ref. [30].

3. THREE-DIMENSIONAL MODEL APPROXIMATION OF AN AIRCRAFT

~~h •  -~n~ lj tic - i l ccl ifiu n c descr ib e d in the pre-/ inu’ . s ect ion s
p - ~~~ a ~~ef - j I , o f f  i c r  °r: t , a nd e ( or iu r r I  i cal w m j  for t ~-v a l  : j —

aci:~ , ~c-c a~~cr , anu c ;sign of fuselage mounted anten nas  based
~~

- -~~~ r r  H~’sern s~r f - )r:- Jnc e in principal planes. However , if
- - sc •~n - -i s tc- - -, a re to d Inction properly , the antenna pattern

~~~~~~ ‘ t  ce~~t a u n  ‘ p e~ i u i ca t io ns . These spec i f i ca t ions  are
• . l j -

~ i ;c- ’ n te r- :  s of  a co — ie r aqe  di agr am for a particular
5 ii sp a c e  iii n is to ~u m il e t . wi th an tenna mounted on the

‘ t r , f -~o a nj to rir corid pl oy where the o r ig i r~il antenna
S s i  y- w :5 - -:d v 

~~~ , the des ire fo r an accura te solution for the
; c:te sittern p~~r~~s r- m-~nice of antennas mounted on a complex air—

~‘- i r s  st r . ctu re  for g i v e n  ~iusi1 icati oni ’, requires a more thorough study
c~ wajs to handle the volumetric pattern.

f th i s proLle : is d t t d c kdd  d i rect ly  by analy z ing rays
c’ cor :) lc : / t h ree-di : -e nsiona l  surf ace ’ . as done p r ev ious ly  i n
~c f - ’e c e  [2 , tse re s i l t i r mq  numeri cal solution would he very
cs- ’~~e,, t rce- c o n cumni r q , an d uneconomnical. Nevertheless , if
certain d’,’. j nptions can he made , the approach undertaken in
t s e  :>rev ious sect i o ns can be used to overcom e these d i f f icu l t i es
~ird s i m p l i f y the problem a great deal.

F i rs t ., i t n c beer shown by n o r  e r i m i l s  sr~i 1 e r o d e l  measure—
m’ - nts  t hat the r’ l  1 pl~ine mrode l can f e  ex te nded to ,vl cs t
c Ier the cri-:pl’te volum etric pattern except for two coni cal
S -:~~

- )r’. fr,re and a f t )  [ 3’Y] . Th e l imi i tat ions of the roll plane
- i e i  re ,~ lt are due to the f in ite  length f uselage.  Y et ,  the
f~ r~ite length fuselage ha s been solved , previously, in the elevation
plane model analyses. Furthermore , based on the prev ious
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~igure 27a . Rol l plane pattern (E4) for a 1/25 scale model of a
KC-l 35 with a ‘/ 4 mon~pole on the fuselage forward
of the wi ngs at f req. = 34.92 GHz (model frequency).
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rinlure 28a. Roll plane pattern (E ) for a KA—band circumferential
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waveguide above the wings .

64—



C A L C U L A T E D
— M(A5U14(D

— U, -

C-)

Li

90° ?~ 900

180°

F gure 29a . Rol l plane pattern (E 4 ) for a KA—band axial wavegulde
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three ‘1 i u o s  or,,i 1 s t ud i o .  ol goode , ic r’dV’. Wh iC h con t r i bu te  to the
p i ~~t .~rn of an antenna on various pro late  spheroids , one is
d5 le n C ) a h  j r e  the ana l ys e s of these two principal plane models
to 0 i v s  too complet e pattern . In this study, computer simulation
mo 0 1  s were cons I dert ’d tha t w o uld  resemble a wide var ie ty  of
ai rcr a f t shape ’. and yet  could,  a l so , ~~e andlyzed wi th redson—
a b l e  a c c u r a c y  and economy. In this Cas e , it is quite obviou s
t ’ it  the thre e-d i me ns iona l  r,j ture of the fu selag e must be
modeled if one is to ddeq uate ly determine volumetr ic patterns.

T h is  resul ted in the development of a general surfa ce of
revo lu t ion model for the fuse 1a’~e as presented in Reference
[2]. Through an extensive stu l y of geodesic paths on a surface
of revolution , the number of dominant rays that contribu ted to
ts~ radiation pattern were shown to be finite except for more
sp ’:erical shap e s.  Furthermore , the computer result showed that ,
f ,r  ~ prolate spheroid , the don rinant rays needed to be con-
sid .~red w ou ld not exceed four rays ;  in most cases , it is even
1e~~ than that. These f our rays ,ire illu str a t ’-d in F H. 30
ii wnis h two rays an prop agating along th e cross-section of
pro iate spheroid; the other two are propagating along the profile.

SOURCC

\ ,1~~~~~~~ 
~wcA~TiOt -~

/ DIFF~~C1 ION- 

/

1 POiN TS

Fiqure 30. The four dominan t GTD terms that radiate at
S = 90°, ‘~ 

= 145°).
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To demonstrdte th~ significance of the four-ra y contribution ,
the elevation plane pattern of an axial slot mounted on a prolate

er id was calculated using a two-dimensional (two rays) and
tPiree_ dime ns ional (four rays) solution as shown in Fi g. 31.
~‘.- erimenta l results are also shown to verify the calcul ated

r,’- - e- di-censiona l result. It is imm ediately obviou s that the
~~~ l obe region is not calcul ated with sufficient accuracy
~~~~ the two-dimensional result. However , the three..djmensjonal
sol ution is in good agreement wi th the measured patt ern . This
1€ id -, to a new approach to h~nd ie the volur netri c pa tt ( rns for
fuselage mounted airbo rne antennas in a simplified and economical
manner.

As determined prev iously, the rol l plane model (infinite
elliptic cylinder with fl at, p late wings) can he extended to cover
most of the volum etric 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 wi ngs and stabili zers
are also included . In doing so , two different elli ptic cylinders are
required to analyze the volumetric patterns ; one being the cross-
section (roll) cylinder and the other being the profile (elevation)
cylin der. This requirement is necessary since our solutions are
base d on an infinitel y long ell i pti c c y linder , in which the z-axis
coincides with the axis of the cylinder.

As discussed in the previous chioter , the most significant
effects on the radiation pattern result from the surface
;e i:x• try nearest to the an t enir ~i. The curvature of the surface
in the vicini ty of the antenn a location plays a dorHnant role
~n predicting the rad iation pattern . Thus , th e ell i p tic
cjl ~nders used to represent the fuse lage profil e and cross-
secti on need to model the aircr aft structure as accurately
~s pc ssi bie near the ante nna location . Oncr’ these two
e l li ~ t;c cylinders are obtained , one is able to proceed to
sol ve for the complete volumetr ic pattern .

To determine the ellip tic cylinders necessary to simulate
t:~e f~~;eidGe p rofile and cros s-section , one has to f i nd some
~~~ to approxi ma te the curved surface near the antenna location.
~re -.~.i y to acnieve this goal is to find an analyti cal function
m~icn can best approximat e the known curved surface prof ile
~e~sher in elevation or roll plane ) in a least mean square error
sesse. This leacs to the develo;)mert of a best fit routine
t3 Generate the necessary ellipses for the fuseidge model
through the use of a dig i tal com puter.
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Figure 3la. Elevat ion plane pattern of an axial slot mounted
on a 4A x 2X prolate spheroid with the two-
dimens i onal theoretical solution presented.
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Figure 31b. Elevation plane pattern of an axial slot mounted on
a 4A x 2A prolate spheroid with the three—dimensional
theoretical solution presented.
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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 ellip se
is

(60)

for ‘its origin located at (x = 0, y 0). The parameters a and
b are sem i major an d m i nor axes of an ell ip se , respectively. To
simplify the mathematical expression , Eq . (60) can be written as

AX + B Y = l  (61)

wnere X = x2, V = y2 , A = , and B 1_
2- . Let ( x 1, y 1 ),

a b
= 

~~, 
- . . n , be n points on which a best fit ellipse is to be

çenerated . Su bstituting these points into Eq. (61), one obta i ns
a set of n linear equations .

AX 1 + BY 1 
= 1

AX 2 + BY 2 = 1

AX n + BY = 1

:n matrix fo rm, these n equat ions bec ome

z c = i  (62)

wn e re

X l V 1

~~~= 

x 2

Xn
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By multiplying both sides of Eq. (62) by Z, the transposed
of Z, one obtains a simple 2x2 matrix as given by

zzc = z I

~ X~ ~ 
X V  [A ~

or 
m= l m 1  m= l 

(63)

m~1 
Xm ~m m~1 

~~ B 
m~1 Y J

w~ 1cn can be si r p l y solved for A and B in the least mean
s iare sense [56]. T h i s , t he e l l ip se parameters  are defined .

:~af~ire the re ’s’.-i ry e llipse or composite ellipse can be
d - t e r ~ ined through tMe num eric - i l process, the data points that
1.~ c r ihed the sur face of the prof i le or cross section of the
~~tu~ l a ir c r a ft fuselage mu st be generated. To do so , a reference
C~ r~es ian coordinates systen- is needed on a scale model drawing
c

4 tne aircraft. These coordinates can be best located by align-
~~n - ~ or ~ of the axes with the center lin e of aircraft fuselage
w t h  th.~ ori gin be i ng arbi trarily chosen according to convenience.
,~fter the coordinate system is fixed , the positions of data points
or tse ~rr j f ile or cross-section can be measured from the scale
rn;~el relative to the reference origin . The data points are
t ~en in such a way that more poin ts are needed around the
;r,teu ria location and less po int s awa y from the source . This is
c~. to the fact t h a t  the sur face profi le is dominant near the
antenna 1ocat~on , dS described earli er . Figure 33 illustrates
the way data po i n ts are ta ken from a fuselage profile. By feeding
these data points into the best fit routine and adjusting the
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* Antenna Location

Figure 33. Illustration of data points taken from the scale
model aircraft for the determination of best fit
elliptic cyl i nder using a d ig ita l computer .
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or i 0 in of the coordinat es in the routin e, an el l ipse is iaund to
bes t fit these data points. In the same manner , t he elli pse to
ap pr oxi cate the cross-section of aircraft fuselage at the antenna
loc ation can be obtained . Thus , the el liptic cyl inders necessary
to simulate the fuselage profil e and cross --section are determined.

Now let us consider how these two fini te elliptic cylinders
c~n ~e used to describe the vol um etric pattern for fuselage mounted
urhorne antennas. Fir st , a reference coordinate system is needed
so triat the solutions based on our two--dimensional ana lys is  in two
different coordina te systems can be incorp ordted int o a complete
so~ .:ion. Since an a i rc ra f t  fuselage is usual ly long ari d slender ,

finite length effects are limi ted to the s ai l sectors off the
r a m d  t ail. Consequently, the two rays whi c h p l a y  the most
si :n ificant role nor ma lly core from the cross -sectional elliptic
o~- irder. Thus, it see-s more natur a l to have the ro- ference

: cdte sys tc- s corr es;ond to the roll p l- ~ne model 500 rdj ndte
s j s - -~, i .e . ,  the 7 rc~f ~~i 5  iS po inted a f t  i r d  the t ref a X i s  iS
pc~~ s d  v e r t i c a l l y  upward as shown in Fig . 34 . Not i c i -  t n it  the
or~ ~ n of the composite e l l ipse in the e leva t ion  p lane is chosen
as toe o r i g i n  of toe ref erence coor di na te system for  conveni ence .

n c-c a l l  that the roll plane model is riot va l id  in thL ton
lY c on ica l  sec t ors  in the fore and aft  d i rec t ions.  In orde r to
cv er ~o’sa this handic a p , a belt region around the ante nna so a rce

LsJsen such that in this region the so l ut ion is o h t : i r e -~d using
e~e~-ati on piane model analy sis. Everywhere out side the bel t region ,
tie roll pl ane mod el analy s k is used to ana l yze tOc ’ rad iat ion pa t-
tern as dan prey loan ly. Figure 35 shows the re gi m s  jr which the
€ - l .  ~~~~ ion mn-I r i  1 p i .r r~~’ cyl inder so lu t ions  are used . The angle
-, 1 5  Cr m~~~~- --

~ s-~J- t n ,  S the r o l l  a o l  el i- -i~~ tior i cylinder ‘el ution s
~~ 

.
~~~ s— - co t r l y  to :e~~!- r. ifl f a c t , L a f un c t i o n  of the s i ze  of

i -
~~~’ i~~ t ion and ro l l  p la ce ~,l in-l i rs u ed to n im ’ i u l a ts  the a i rc ra f t
~~oe l~ a. For most cmsr ” ; i n  cu r  ~dei , the an (;le ‘. is set  at

T n ; -  s ?‘) ° nalt h-~’ beer , t es ted  and found t- be s~ t isfactory ,
b-~sr-I on co ; - p i r i son s wi th i, j s ured results , as w i l l  e shown later.

As sc-en in Fig.  s4, the elev ation plar :e m odel coo rd inate sys —
ta- is such that the Z r~1ev axis points in the 

~ref d i rect ion.  In
- r w - rd s , the ( le v it io n  plane m odel coord ir ta s y s te m i is simply

~r.ed ~j ro tat i ng the XYZ ref coordin at ~~~~~~~ by a 90 ° ang le
aSC~~t. the X rr.f ax i s .  Notice that the antenna herc ’ is assumed to be
r-s~~r t : J  on the center line of the fuselage for simpli city, but this
~s r o t  a basic lim i t i - t ion . In order to determin e the electromagnetic
~ie id s in d given r~idiat ion d i rect ion (

~o ref’ ~o ref) 
within the

c-~l~ reç i on , the solution obtained through the elevation plane
ro-:e ~ anal ysis is expressed in terms of the reference coord i nate
~j - .Sen such that it can be superimposed with the roll plane
cyl i nder 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 A.

Notice that the coordinate transformations described in
Append ix A are ve ry 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 electromagnet ic field in the desired radiation direction in
the reference coordinate system be determi ned through the two
pr i nci pal p lane cyl i n der solu ti ons , but the polarization probl em
associated with the two different solutions can also be easily
resolved without any difficulty . In add i tion , these transformat ions
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 B.

To determine the radiation angle (Ore, ~re) in the elevat ion
plane model coordinate system which corresponds to the des ire d radia-
tion direction (O ro, ~ro) in the reference coordinate system ,
Eqs. (80) and (83) are employed. The subscripts e and o refe - to
the elevation plane model and reference coord i nate systems ,
respectively. By definit ion , the uni t radial vector for a given
direction (o, 

~~
) is g iven  by

s i n e cos~ x + sin e sin~ .~‘ 
+ cose (64)

Hence , the spherical coordinates (O r ~re~ 
of the radiation

vector are determined by e

‘
~re = tan ’

(x 2 + y2 ) l/2
-l re re8re = tan (65)re

w i t h  the components X re s 
~
‘re and Zre found through
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X re cos sin 0

~
‘re = 

~~~~~~ 
e sin 

~ 
cos U cos ~~~ e

Zre s in  0 sin 4’ -sin 0~ cos cos 0

s in 0 ro cos 4’ro

s in 0ro sin 4’ro (66)

~~ 0ro

For the case where 
~~~ 

= 00 and 00 = 
900 as seen in Fig. 36,

Eq. (66) reduces to

X re 1 0 0 ~~ 0ro cos 4’ro

~
‘re = 0 0 1 sin 0ro sin 4’ro (67)

Z e 0 -l 0 cos 0ro

Finally, the radiated field in the desired radiation direc-
t ion  can be determined from the f ield found in the ele vat io n plane
model analysis with an appropriate polarization modifi cation. Thus,
the solution obtained can be i ncorporated into the roll plane
cyl i nder 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 electri c field
can be written as

r = E
0~~ + E

4’
+ (68)

or

(69 )

(
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Figure 36. Illustration of the spherical
coordinate system.

where the prime system denotes the new coord i nate s ystem as seen
in Fig. 36. Since the components E~ and E~ are found from the
elevation plane solutions , the corresponding E0 and E 4 in  the
desired coordinate system are yet to be determined . If~onetakes the dot product of Eq. (69) with the unit vector e , the
0 component of the electric field results , i.e.

E0 = E~ (~
‘ . e) + E,, (4k ’ . o ) (70)

Similarly, the $ component can be found as

= E~ (e ’ . 
~~ 

+ E~ (~
‘ ~p) 

(71)
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Thus , the polari zation of the radiated field in terms of the
reference coordinate system can be properly determined .

Before the roll and elevat ion plane mode l solutions can be
com bi ne d to gether , one must be concerne d w ith the al ig nment
of the surface norma l at the antenna locat ion in the two
ana lyses.  For an antenna mounted central ly on the fuselage , the
s u rface normal points ver t i ca l l y  unwards in the roll plane model
un~ lysis ;  whereas , in the elevation ulane model it points in a
direction normal to the prof i le su rf ace at the a nt enn a loca t ion .
:- ose normals do not a l ig n properly, the two solu ti ons woul d not
m~ tcs to give a ccsip iete and continuous solution . Consequently,
toe roll plane e l l ipt ic cylinder needs a tilt such that the normal
d irect ion is common to both solutions. It is note d that a ra di al
rono pole is mounted parallel to the surface normal at the antenna
locat on on the aircraft  fuselage.

~o accorDlish this align m ent , the X-roll axis of the rol l
p’~ re ~odei coordinate system is chosen to line up parallel with

sorma l to the surface at the antenna location on the elevation
cc ;; os ite  e l l ipt ic cylinder as shown in Fig. 34. The tilt angle

is foun d to be
Li I t

~tan 1(~~~~
s ref) if Z~ ref ~ negative

e s ref
0tilt 

= (72)

tan l(1 :s 
ref) j f  Z~ ref is positive

e s ref

~ ~re X~ ref and Zç ref are the coordinates of the antenna source
rel at ive to the reference coordinate system . The quantities ae,
o~ , ar.i b~ are the necessary parameters for the composite elliptic
c ,~l ir :er  model for the e levat ion plane model anal ysis. Notice that
t’- e or igin of the roll plane cyl i nders is located a distance aro .  r~c t ly  under the antenna . Aga in , the quant ity a r represents an
~m ’ i s  of the roll plane cylinder.

t is a lso noted that , the pa rameter ar i s not equal to
‘ s ref w hich is toe height of the antenna on the elevation
c o - . o - i t e  cylinder mode l. This is due to the fact that the
t~.o el iptic cy linders used to approxima te the fuselage profile
and cross section do not match to give the true representation
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of a three-dimensional aircraf t fuselage . Hence , to obtain the
necessa ry ro l l  pl an e  model so lu t ion , a coordinate trans~ ormation
sim ilar to that of the elevation plane model analysis described
above is needed. The required rotation angle (O n, ~~~

) of the roll
plane model coordinate system is found to be

0
0 

= °tnt
(73)

= 0

for a cent1-~lly mounte d antenna . Since the 0tilt angle is
rota ted about the y ’-axis , Eqs. (80) and (85) shall be used.

One last note for the completion of our solution is the
phase reference problem . For both e levat ion  and rol l plane model
ana lyses , the origin of the individual coordinate sy s tem is
chosen to be the phase reference point. Hence, the result
obta ined through these two principal plane model analyses needs to
be ;~o~ if ied so that a common phase center can be utiliz ed. For
cor~~oienc e , the origin of the reference coordinate system is
selec ted as the phase reference point for both models. In this
w ay, the solutio ns blend smoothly together to form a complete
res .lt far the three-dimensional geometry under consideration.

For each of th e two sol ut ions just descri bed , onl y two
rays are cons idered . This is due to the fact that there are
only two dom:~inant rays which propagate around an e lect r ica l ly
l~ rge el l ip t ic  cyl inde r.  Recall  that four dominant rays
csnt r~but e to the radiation pattern in the shadow region for an
ansen na mounted on a prolate spheriod. To account for these
t ur rays necessary for the radiation pattern in the shadow
r~j -~un , both elevation and roll plane model results are needed
in the pattern calculation . I

In addition , the three-dimensional effects of win gs and
stabilizers are considered by including the rays reflected and
diffracted from these scatterers . The contribution of wings
and horizontal stabilizers are handled in the same way as done
previously.

The effect of the cockpit/radome section is determined
using flat plates attached to the fuselage just as the wings.
Since computation 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 experimenta l investigation
of the radome. This resulted in a truncated fuselage model as

I
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discussed in Reference [31]. However, the radiation pattern cal-
culated using a flat plate model com2ared very favorably wi th the
bent plate model. Hence , the flat pl ate model was adopted not
c n y  for its simplicity in analysis but , also , for its reduced
co-puter running t ine . Notice that the plate is mour;ted at
ar~~orary angles re lat ive to the cyl inder to simulat e the cockpit!
rc~Jmr e section as seen in Fig. 34 ( a ) .  This is an improvement
over the p rev i ous roll plane model where the w ings are res tricted
to be horizontal.

Simi lar considerations were made in studying the vertical
sta bilizer which resulted in the selection of a bent plate
mo del . Thus , the scattering effects of the cock pit and vertical
stabi l izer  can be taken into account very simply. The theoretical
mo -del as shown in Fig. 34 (a) is an illustration of the analytical
simiat ion of an actua l aircraf t .  With all the necessary mechanisms
being completed , the radiation and scattering by the fuselage , wings ,
c o :KJ i t , and s tab i l izers  can now be calculated . Finally, the
v c ij m e t r i c  pa t t e rn  of a f u se l a ge mou nted antenna  is obta ine d
by s um—i ng the direct f i el d from the source and the reflected
and diff racte d f iel d from the var i ous scatters .

Before it can be used to determine the volumetric pattern
f~r an airborne antenna , tnis newly developed solution must be
tested and ver i f ied.  The ‘ l1v ~j t ion pattern of an ax ia l  slot
mounted on a prolate spheroid , thus , was calculated and is
presented in Fig. 37. The co :- :;arison between the measured and
c~~culate d results is very persuas ive . Th is particular problem

~n effective test in that it illw ;trates the accuracy for
toe 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
p ane radiation pattern s of antennas mounted on the KC135 aircraft
t~~it was previously computed are now computed wi th the improved
solutio n . With the cockpit/radome and vertical stabilizer being
t~ken into account , the new computer model , consisting of an 8O~
bj 3 .7E ’ right se mi -e l l ipse and an 8” by 3.75” left semi -ellipse ,
is shown in Fig. 38. The cockpit/ra dome section is simulated

a f lat p la te an d the vert i cal sta b i l izer i s a pprox imate d by a
bent p late model for better simuh~tion. The elevation plane
s~:terns for a short rnonopole mounted forward and over the wings
~~~~ -~~o -.~n in  F~g s .  39 (a) and (b), respectively. The pa tterns

a circum ferer.t iai KA-band waveguide are shown in Figs. 40 (a)
and (a). Toe results for an axial 1(4-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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Figure 38b. Compu ter simulated model for the cross—section
(at antenna location) of a XC-135 aircraft
(f ront v iew).
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Figure 39a. Elevation plane pattern for a X/4 monopole
mounted forward of the wings on a KC-135
aircraft (with radome and vertical stabilizer
included).
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Figure 39b. Elevation plane pattern for a A/4 monopole
mounted above the wings on a KC—135 aircraft
(wi th radome and vertical stabilizer included).
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Figure 40a . Elevation plane pattern for a circumferential
KA-band wavegulde mounted forwa rd of the wings
on a KC—135 aircraft (with radome and vertical
stabilizer included).
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Figure 40b. Elevati on plane pattern for a circurir’erential
K.A-band wavegu i de moun ted 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
longer exist in Figs . 39 and 40. For axial slot cases , the
back lobe is picked up as ‘compared with previous resul ts. 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 normal in the experimenta l work .

Finally, the roll plane radiation patterns for the new model
are calculated. In each case, the pattern is only slightly impro ved
over previously 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 results demonstrate the validity and applicability of the
new solution in determining the radiation patterns for general fuse-
l age mounted antennas.

To further demonstrate the versatility of this solution , the
radiation pattern for an infinitesima l 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 previously.
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 predicting the radiation pattern of fuselage mounted
aircra ft antennas.
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SECTION IV

VOLUMETRIC PATTE RNS OF AI RBORNE ANTE NNAS

The ti-~eoretic dl approach to analyze the complete volumetric
radiation pattern of fuselage mounted antennas was developed in
the last section. This theoretical ‘~oluti on was based on the two‘principa l plane analyses presented earlier and it has been yen -
fied by applying it to various cases previously calculated using
principal plane analyses . The results show great improvement
over previous calculations based on comparisons wi th
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
ceing 737 aircraft in that extensive experimenta l work is avail-

,i;ie. The volumetric patterns of this aircraft model is exami ned
in this section .

The models used to simulate a Boeing 737 aircraft are shown
~n Fig. 44, where the rol l 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 cyl i nder
wit~ a = 48.72’s , b = 308.56” , and b’ = 1307.04”. Notice that the
cocK pit nose section and vertical stabilizer are approximated by
finite flat and bent plates mounted obliquely on the fuselage
w~ich results in a simple model for our aircraft as shown in Fig.

In Fig. 44(c), the top view of our model is shown to
illustra te the finite three -dimensional effect of an aircraft.
The dotted line indicates the width of the cross-sectional
‘~o :  pl~re) cylirder used in the calculations. The models
of the wings, cockpit nose section , and stabilizers are also pre-
c.~’ited . The geometry is taken directly from the three princ i pa l
vi~ws of the aircraft scale model . As presented earlier , the
coordinate systems used for both the elevation and roll plane
~ o—etries are depicted in Fig. 44.

The radiation patterns for a A/4 monopole mounted at
St.~tion 220 above the cockpit on a Boeing 737 aircraft are ,
~~~~~~~ calculated usin g the model just described with the
àiG~~yS~~S presented in the last section . The three principal
piGn e results are shown in Figs . 45 to 47 and found to be in
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Figure 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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Figure 44b. Corputer 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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Figure 44c. Computer simulated mocel for a Boeing 737 aircraft
(top view). The antenna Is located at station 220
on top of the fuselage.
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Figure 46. Roll plane pattern of a A/4 monopole mounted at
station 220 on top of a Boeing 737 aircraft.
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very good d(1reement with measurem ents . The experimenta l work
was performed with a great deal of patience and precision by
the technical staff at NASA (Hampton , V a . ) ,  using a 1/11th
scale model of Boeing 737 aircraft.

The coordinate system used for the experimenta l measurements
is shown in Fig. 48, in which the z-axis is vertically upward .
In order to calculat e a radiation pattern in terms of this
experimenta l coordinate system , a transformat ion of coordina tes
is necessary so that the corresponding radiati on direction in
the analytical aircraft reference coordinate system can be
determ i ned. This is accomplished ~y considering the z-axis of
the experimenta l coordinate system as a radial vector in the
reference coordinate system . By inputting its spherical coordin-
ates (€IZref = 900 , 42ref = 0°) as the rotation angles 

~ 
and

required in the computer program , the corresponding radiation
direction , in terms of the reference coordinate system , is
obtained. z

= 180 0

8 

8 90 0

Figure 48. Illustration of the coord inate system used for
experimental measuremen ts .
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The complete vol umetric pattern for a A/4 monopole located
at Station 220 on top of a Boeing 737 aircraft is calculated .
The off-principa l 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 results 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 weight during the
measurement.
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Figure 51. Elevation plane pattern of a V4 monopole mounted
at station 220 on top of a Boeing 737 aircraft.
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Figure 52. Elevation plane pattern of a A/4 monopole mounted
at station 220 on top of a Boeing 737 aircraft.
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Figure 54. Azinuth plane pattern of a A/4 monopole mounted
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SECTION V

SL IRIA ( F (‘ I IRRFNT AND Ch ARM 1)1 NS liv INDUCED ON Al lU RAI T MOI)FI r,

Based on the GTD analyses for the airborne antenna prob l ems , this
chapter is devoted to calculate the surface current and chdrge density
induced on various aircraft  models using the reciprocit .y theorem . Re-
call that in Chapter I the relation between the antenna rddiation pat-
terns and the induced surface current and charge density has been dis-
cussed . For convenience , these relations are rewritten as follows :

2 I oI E m°I

4)
1 4)ps 2 e 0 E,~

01 2 0
kJ4 I=~~~IE a I

(1~ )
•1 4)

~~ I-
~ 

IE~~I

~ ‘ 2 0
(J~

4)

~~ 

-
,
.

~ 
E~

Using Eq. (74) and the GTD analyses , numerical resul ts of induced surface
current and charge density are presented for variou s aircraft models.

Consider a Boeing 747 illuminated by a plane wave with broadside
incidence . The geometry of the aircraft and its computer model are shown
in Fig. 61 wi th observation point located on the top of the fuselage
denoted by letter ~ in the figure . Note that the fuselage axis is
assumed to be the z-axis. The magnitude and phase of induced current
and charge densities for two different polarizations are presented
in Figs . 62-55. The THETA MODE and PHI MODE appearing in these figures
indicate that the elec t r ic field intensities associated wi th the in-
cident plane wave are 0-polarized and 4)-polarized, respectively.

The computed model of a KC-l 35 is shown in Fig. 66. A plane wave
is inc ident at 0=45° and 4)=45°. The surface current and charge densities
induced on a KC-135 aircraft are shown In Figs . 67-70.
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Finally, a Boeing 737 aircraft is investigated . The geometry and
its computer model are shown in Fig. 71. The observation point is
located at station 220 on top of the fuselage . The coordinate system
used for the calculation 1S illustrated in Fig. 72. The complete volu-
metric pattern lor the charge density induced at station 220 on top of
a Boeing 737 is shown in Fig. 73.

~~i:: ~~~~~~~~~~~~~~~~~~~~~~

Figure 6la. Boeing 747 heavy transport-aircraft.
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Figure 6lb. Computer model of a 747 aircraft.
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Figure 62. The surface current and charge densities
induced on a 747 aircraft .
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Figure 63. The surface current and charge densities
Induced on a 747 aircraft.
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- Figure 64. The surface current and charge densities
induced on a 747 aircraft .
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Figure 65. The surface current and charge densities
induced on a 747 air craft .
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Figure 66. Computer model of a KC-l35 aircraft .
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Figure 67. The surface current and charge densities

induced on a KC-135 aircraft.
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Figure 68. The surf ace current and charge densities
induced on a KC -135 aircraft.
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Figure 69. The surface current and charge densities

Induced on a KC -135 aircraft.
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Figure 70. The surface current and charge densities
induced on a KC-135 aircraft.
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Figure 71. Computer simulated model for a Boeing 737 aircraft
(top view). The observation point is located at
station 220 on the top of the fuselage.
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Figure 72. Illustration of the coordinate system
used for calculations.
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SECTI ON V I
SUMMARY AND CONCLUSIONS

Hi gh frequency solutions for the three-dimensional surface current
and charge density induced on the aircraft fuselage for arbitrarily-
inc i dent plahe wave has been the object of this research . It i s well
known tha t the induced surface current and charge density due to pla.ie
wave incidence are related to the radiation pattern due to infinitesma l
monopole and slot antennas . S i nce extens i ve ex perimental scale-model
measuremen ts for flush-mounted antennas on aircraft are available for
comparison , the anal yses for the induced surface current and charge
density is carried out in terms of antenna problems . This report pre-
sents an accura te and efficient solution for the problem using the geo-
metri cal theor~ of diffrac tion (GTD).

The basic app roach appli ed here is to brea k up the airc raft into
its simplest structural forms. Due to the high frequency requirements
of airborne antennas , these structures may be analyzed using ray optics
techniques wi th numerical values 1ibtained using GTD. Once the scatter-
ing from these various structures is found , it is then adapted to the
aircraft model simp ly by adjusting the field incident on the structura l
scatterer. The only limitati on of the GTD solution is that the source
and var ious 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 patterns for fuse-
la ge mounted airborne antennas. This solution utilizes roll and ele-
va t ion plane model analyses develo ped earlier . The procedure to c om-
bine 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 f lat or bent p lates to app roximate an aircraft cock p it nose section
and vertical stabilizer is also new and quite useful , not only because
of its simplicity in analysis but also due to its practicality in corn-

S putation.

A numerical procedure th it can be used to model a practical air-
craft fuselage has i lso been presented . The three-dimensional fuselage
in the numerical model is sim ulated by two composite el liptic cylinders ;
one approximates the a i rcraf t  profi le and the other its cross- sect ion .
These ellipses are numerically obtained through a best-fit ellipse
routine. The description of the wings , cockp it , and ‘ tabi l izers are
measured directly from the three princi pal views of the aircraft.
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To demonstrate the validity and applicability uf ti ll Lheoretica l
solu tions, the radiation patterns in the principa l p lan e’ for antennas
niounted on various locations on a KC-l35 aircraft and a ~oein q 737 air-
craft have been calculate d and compared with measurements taken at NASA
(Hampton , Va.). The results show good agreement between the analytical
and experimental work and obvious improvement over previous analses.
To illustrate the versatility of the new solution , the ra d iation patterns
for antennas mounted on a space shuttle wi th the radome taken into account
have been calculated . Again , the result is very encouraging . The off-
principa l plane radiation patterns of a A/4 monopo le mounted above the
cock pit of a Boeing 737 aircraft have been calculated . The patterns
obtained were shown to compare well with measurements taken at NASA
(Hampton , Va.) , which verify the assumptions made in the theoretical
solutions.

F i nally , some numerical results for the surface curr ent and charge
density induced on various aircraft models are calculated and presented
in Section V. The solutions developed in this research provide a usefu l ,
accurate , economical , and efficient means for determin ing the surface
current and charge density induced on aircraft fuselage due to arbitrary
plane wave incidence . For example , the program developed in this study
has now been delivered to NASA (Hampton , Va.), and it typi call y ri r is a
pattern in 30 seconds or less on a CDC 6600 digital computer.

It should be noted that 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 eng ine effect can be included in the solution by using a finite
ell iptic cylinder as presented in Reference [55].
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APPENDIX A
COORDINATE SYSTEMS TRANSFORMATION

Consider that a vector R (x, y, z) in an xyz coord i nate
system as shown in Fig. A-la. A second coord i nate 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 80 about the rotated x ’-axls. Recall that in a vector space,
the coord inate s x 1 of a vector X representing a point in
n-dimensional space can_also be regarded as the coefficients of
the unit vectors ej if X is represented as a sum of mul tiples
of the unit vectors

x i

x = : = x1 ~i 
+ • . .  + x~ ~ 

(A-i )
xn

These unit vectors form a vector basis which span the n-dimensiona l
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

~~= x x + y y + z z  . (A-2)

Let {X ’ , ;‘ , z ’ }  be another basis of the same space such that
the vec tor k is expressed as

R X ’ X ’ + + Z 1
Z ’ (A-3)

Then , by a linea r tran~forrnation , the coord i nates of the vector
S R relative to the {x , y, z} b~sis can be determined from the

coordinates relative to the {x’, y ’, z’} basis through a matrix
rela tion as

X PX’ (A-4 )

(
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~igure A-la. Illustration of 
coordinate system rotation.

(Rotate ~ 
angle about z axis and then rotate

00 angle &~out x’ axis).

z

Figure A-lb. Illustration of coordinate system rotation.
(Rotate •~ angle about z 

axis and then rotate
8~ angle about y ’ axis).
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Where X and X’ are column vectors given by

x x l

X = y and X’ = y ’ (A-5)

z Z I

and Pis a 3x3 transformation matrix from the {x, y z} basis to
S {x’ , y’, z’} basis. By multipl ying Eq. (A—6) b.y P-f , the inverse

of P, the coordinates of ~ in {x
1 , y ’ , z’} basis can be found In

terms of the coordinates in {x, y, z} basis , i.e.,

= P ’X (A-6)

Eqs. (A-4) and (A-6) 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 21 are related to the unit

vectors, 2, 9, and ~ in the following manner , i.e.,
ii = cos 4~ ~ + sin $

~
= ~cOS °0 sin + cos 0

0 
cos + sin 00z (A- 7)

= sin e~ sin~~ x -sin 0o cos y + cos

the transition matrix P~, which is defi ned as the transpose of
the above matrix of coefficients , can be obta i ned as

cos •o -cos 00 sIn sin 00 sin

= sin cos 00 cos -sin 0
0 

cos (A-8)

0 S1fl 00 cos O0
where subscript x indicates the 0 angle rotation is about the
rot.ted x ’-axls. By inverting the matrix P,~, the inverse matrixof P,~ can be easily determined and is given by

(
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cos •o SIfl 0

= -cos 00 sin cos 00 cos sin 00 (~~9)

sin 00 sin -sin 00 COs cos 8
0

Similarly, if a new coordinate system , x ’y ’ z ’ system , is set up
by first rotating the x-axis of an angl e of ~ about z-axi s and
then the z-ax is an angle of 00 about the y ’-ax is in a counter-
clockwi se ~ense as seen in Fig. A -lb , the transformation matrices
P and PjI can be determined as

cos 0
~ 

cos -sin sin 0
0 cos

P~ = cos 0~ sin cos sin 0
~ 

sin 
~ 

(A- b )

-sin 80 0 cos 00 J
and

cos 00 cos cos 00 s in 4~ -sin 001
= -sin cos 0 (A-ll )

sin 00 cos sin 00 sin cos 0
0

where the subscript y indicates the rotation of O~ angle is about
the rotated y’-axis in distinction wi th that of the x ’-axis in
Fig. A-la.
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APPENDIX B

GEOMETRICAL CONFIGURATION FOR 0FF-CENTER LINE
MOUNTED ANTENNAS

Consider a source which is located at some angle off the center
line of an aircra ft fuselage as shown in Fig. B-l . This source can be
an infinitesimal monopole or arbitrarily oriented slot element. As
discussed in Section III , the surface geometry nearest to the antenna
has the most significant effect on the radiation pa tterns . For this
case , the lon gitudinal surface curvature in the plane which is parallel
to both the 2ref axis and the surface normal at the source location ,
and the transverse surface curvation in the other plane which is
orthogonal to the longitudinal plane , as shown in Fig. B-i , play a
dominant role in predicting the radiation patterns of airborne antennas.
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 location is used to approximate the
required transverse surface profile cylinder. This approximation is
reasonable since the transverse surface profile of an actua l aircraft
does not change drastically for a small angle deviation . For the other
elliptic cylinder which approximates the longi tudina l surface profile
at the source location , the follow ing approach can be employed.

First , let us approximate the elevation profile of the aircraft
of interest by a composite elliptic cylinder as done previously
in Section III. Its necessary parameters are given by a0, semi -
major axis, b0 and b0’ , semi-mi nor axis for left and ri ght half
elliptic cyl i nder respectivel y, as shown in Fig. 8-2. Recall that
the source location in our volumetric analysis is defi ned by
(415,z5), as seen in Figs. 8-2 and 8-3, 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 cyl i nder
approximating the fuselage cross section at the source location ,
its Cartesian coord i nates can be easily determined as
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A’
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bf~~~~

)

Figure B-2. Front v iew of the roll plane (transverse) cyl inder
showing the antenna locat ion and Its surface normal.
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p
5 cos

(B- l)

• 
ys’ 

= Ps sin

where

af bf

Jb~ cos2$5 + 4 41

The quantities a,- and br are the semimajor and semiminor axes
of the cross sectional elliptic cylinder, in terms of the
elliptic cyl inder coordi nate system as discussed in Chapter V,

and y
~
’ are given by

x~ ’ = af cos

(B-2)

y5 ’ = bf Slfl v5

where
a

V = — ~~~ tan $

From Fig. B-3, the distance Xeo between points P and Q is
found via the ellipse equation as

~2 .[b~ - if is negative

eo (B-3)

~~ Jb~~ - z~ If z~ is positive

where a0, b0, and b~, have been defined earlier. Since the origin of
the cross sectional cylinder Is defined at aq from point P along

(
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line PQ, the source posi tion in terms of the reference coordiante
system can be easily determined from Figs .

= (X eo - af) + af COS v5
(B-4)

= bf Sffl

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
location is given as

—

b if z is positive
‘4 0  

S

a = 
_ _ _ _ _  (8-5)

ix s + y sb0j b’2 - 
if z5 is negative

‘0  5

be 
= b0

I. ’ -
“e “o

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

a = ar ~ (8-6)
br = bf

Note that the transverse surface profile discussed previously
lies in a plane which is parallel to the surface normal at the
so urce loca tion. Hence , the transverse or roll plane ellipti c
cyl i nder needs a tilt such that the cylinder surface normal
al igns with the original surface normal as seen In Fig. B-4.
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The required tilt or rotation (o ,,. tilt’ r tilt~ 
jS given by

tan~ 
a~ ~ if z is positive

b~/~~ +y~ 
S

0r ~ilt 
(B-7)

2
tan~ ~ S if z is negative

b~
2
,J~~ +

r tilt = 0

wi th respect to the reference coordinate system . It is noted that
the rotation described here is about >‘ref axis and not X f 

dX 1S.

Notice also that the coordinate system of the elevation plane
(longitudinal) model is rotated an angle (41n) which is the angle
between the surface normal and Xref axis as shown in Fig. 8-2
relative to the reference coordinate system. In other words , the
elevation model coovdinate system shown in Fig. .B-7 is obtai ned
through a rotation (°t-j l -t ’ •t-ilt) of the reference coordinate systemas discussed in Append ix I. The rotation angles are given by

0e tilt = 900

(B-8)

e tilt 
=

where
- —1 af sin v5
- tan bf COS

with respect to the refe rence coordina te sys tem. The geometry of
the coordinates Is show n In Fig. B-S.

With the necessary elliptic cyl i nders being determined , the
procedure to combine these two models to simulate the actual
aircraft is the same as discussed in Section 111. Thus, the
volumetric patterns for off-center f~ise1age mounted airborneantennas can be determined.
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