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PREFACE

This effort was conducted by Syracuse University under the sponsorship

of the Rome Air Development Center Post-Doctoral Program for the Navy.

Mr. Tony Testa of NAVSEC was the task project engineer and provided overall

technical direction and guidance. The authors of this report are Dr. Jose

Perini and Chien-an Chen.

The RADC Post-Doctoral Program is a cooperative venture between RADC

and some sixty-five universities eligible to participate in the program .

Syracuse University (Department of Electrical and Computer Engineering),

Purdue University (School of Electrical Engineering), Georgia Institute

of Technology (School of Electrical Engineering), and State University

of New York at Buffalo (Department of Electrical Engineering ) act as

prime contractor schools with other schools participating via sub—contracts

with the prime schools. The U.S. Air Force Academy (Department of Electrical

Engineering ) , Air Force Institute of TechnoJogy (Department of Electrical

Engineering), and the Naval Post Graduate School (Department of Electrical

Engineering) also participate in the program .

The Post-Doctoral Program provides an opportunity for faculty at

participating universities to spend up to one year full time on

exploratory development and problem-solving efforts with the post-

doctorals splitting their time between the customer location and their

educational institutions. The program is totally customer-funded with

current projects being undertaken for Rome Air Development Center (RADC)
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Space and Missile Systems Organization (SI~MSO) , Aeronautical Systems

Division (N~D ) ,  fllectronic SysLoms Division (ESD) , Air Force Avionics

Laboratory (AFAr..), Fore i gn Technol ogy Division (FTD ) ,  Air Force Weapons

Laborato~y (AFWL) , Armament Development and Te~.t Center (ADTC), Air

Force Comxnui~ications Service (AFCS),, Aerospace Defense Command (ADC) ,

Hq USAF , Defense Communicatior~s Agency (DCA) , Navy, Army , Aerospace

Medica l Medical Division (AND), and Federal Aviation Administration (FAA).

Further information about the RADC Post—Doctoral Program can be

obtained from Jacob Scherer , RADC/ RBC, Griffiss AFB, NY , 13441, telephone

AV 587—2543, COMM (3l5~ 330—2543.
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APPLICATION OF MOM/GTD TECHNIQUES TO SHIPBOARD ANTENNAS

1. INTRODUCTION

In the initial phases of ship design it is important to have a tool

to assess the effect of the ship superstructure on the radiation pattern of

communication antennas . The accuracies required are of the order of 3 to 6

dB. The purpose of this effort is to study the feasibility of a combination

of MOM and GTD to provide this tool.

Moment Methods and GTD

The method of moments (MOM) has proven to be a powerful tool for solv-

ing problems of EM radiation , scattering and coupling [1—2] for bodies a few

wavelengths in size. Numerous EM problems have been solved by MOM in spite

of the complexity of the scattering structures. The development of body of

revolution algorithms has extended the applicability of the method into some

problems involving somewhat larger structures . However , for most large prob-

lems, MOM requires excessive amounts of computer storage and running time

severely restricting its use. The Geometrical Theory of Diffraction (GTD)

[3—17] can be effectively applied to large EM problems but it requires prior

knowledge of the current distribution on the exciting structures. By proper-

ly combining MOM and GTD, especially in the case of wire antennas, the cur-

rent distribution can be computed by MOM and then GTD used to take into con—

sideration the reflection and diffraction effects.

In th i s  report , the technique of combining MOM and GTD to solve the

1



problems of an tennas  mounted on shi ps is developed based on the ideas of

Thie le  [ 3 ] .  A b r ie f  desc r ip t ion  of the f o r m u l a t i o n  is presented in Section

2, while the chronological progress made on its use for shipboard antennas

is described in section 3. Initially, the simple problems of antennas

mounted on fini te size conductin g ground planes and boxes are analyzed to

test and gain confidence in this technique. It is found that the effect of

edges on the antenna current distribution is usually of secondary impor tance

compared to that of the antenna self and mutual coupling. But the effect of

edges Is very important to the radiation pattern , especially in shadow

regions.

Next MUM/GTD is applied to the calculation of the radiation pattern

of the PF shipboard Twin—Fan Antenna . Based on the experience gained in the

work with finite size ground planes and boxes , the effec ts of edges on the

current distribution are neglected resulting in considerable savings in com-

puter running time. The current distribution on the antennas is obtained by

MOM alone, considering the antennas and parasite structures mounted on an in-

fini te ground plane . The radiation pattern then includes the direct field

from the antennas and parasite structures , the diffraction fields from edges,

the multi—diffraction fields between edges, and the reflected field from the

conducting surface. The computations in this section are quite involved be-

cause of the complexity of the ship structure.

Models for the ship ’s superstructure are then developed and reasonably

good results are obtained even with the simplest ones. The Twin—Fan Antenna

is also replaced by a simplified structure. It is found tha t  the e f f ec t s  of

the side edges of the ship and bridge are most important in the az imutha l

2



range from 50° to 110° from the bow because of their close proximity to the

antenna . ~Iore detailed models in these are~ s are then developed to improve

the simulation results. FinaUy, it is found that the radiation pattern has

a sharp change in both the forward and backward directions when the frequency

changes. This required a further refined model which includes all other an-

tennas on the ship. Presently, an open circuit at the feed point for these

antennas has been assumed since a high mismatch is expected for the frequen-

d e s  used in the calculation . Radiation patterns for this model have been

calculated at frequencies of ~ MHz and 6 MHz for small elevatico angles. The

results are quite good .

This report is a chronological summary of the progress of this re-

search effor t during the past year . The model which has been developed is

fairly good and has produced very encouraging results. However , the model

still does not include the effects of the finite conductivity sea, the pres-

ence of structural details such as rails , safety boats, etc. These will be

our main goals in next year ’s effor t while exercising the present models in

a larger number of problems to gain confidence and familiarity with it.

2. FORNULATION

Method of Moments

For the case of wire antennas or wire grids , the integral equation

for the current in the wires is reduced to a system of linear equations. This

is done by d ividli- g the antenna into sections and representing the current by

local orthogona l functions such as pulses, triangles , etc. with unknown ampli-

tudes and phases. By imposing the appropriate boundary conditions in as many

points along the wires as there are expansion functions , the following 
system3



of linear equations results: [1]

N
Y Z I ~~Emn n m

n 1

where m = 1 , 2 , .. .
N = the numb er of subsections on the wires

I = coeff icien t of the expansion function on the
n

nth subsection

Z = mutual impedance between the mth and nth sub—

sections. This is the voltage produced at sub-

section m when one ampere of current is applied

at subsection n.

E the excitation at the mth subsection.
m

Note that all the above variables are complex numbers. Several techniques

can be app lied to solve this system of equations and find the current distri—

but ion.

GTD

~inAssume that E is the incident E—field from the source and E is the

~indiffrac ted field from the edge (Fig. 1). Then F and E are related by [4]

= ~
in
(Q ).~~~(S I).A(g)e iks

where is the diffraction point on the edge which is determined by Fermat ’s

principle , and D
E
(S ,I) is the Dyadic diffrac tion coefficient defined as

0
B r j k L

(C vL e
/ sin ~

A C’
U
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vhere + 
— +

= V
5

(L ,~ ,n) ± ‘~B (L ,
~ 

, n)

+

2
s s sin ~3

L = 
0 

for an incident spherical wave5 + s

Fh e quantity A(s) is given by

A(s) = /~~(~~‘~~-- s) for an incident spherical wave.

-tinin rn~ re detail , E 
~~~ 

and E (s) can be writt en as

I 4 ( s) 1 E~ (QE~ 1
E (s)~~~~ I E 

~~~~EL (s)J 
~~

where

I -‘~in d -
~~E E11 Cs) — E

I ~~~~EL = E •‘ and E1’~(s) = F •

~~
‘ f x ~~~~~

In the above formulas, 
~ ~~ ~~ ~~ ~~ 

c ’ , ~,,  ~~ s, s’ are defined in Figs,

1 and 2.

Combination of MOM and GTD.

For the problems of antennas on large metallic bodies , the above two

methods can be combined [3]. The resulting system of equations is

6



N
Z ’ I’ = E
mnn mn 1

w h e r e m = l , 2, ,.., N.

The new impedance elements Z ’ aremn

= Z + (Z )
GTD 

+ (Z )image
mn mn sin mn

where Z is the conventional MOM mutual impedance , (Z )GTD is the contri-sin sin

bution to the mutual impedance due to the diffraction fields and

is the contribution to the mutual impedance due to the reflections from the

metallic surfaces.

The Radiation Field

Af ter solving the system of linear equations for the current distribu-

tion on the antenna, the radiation field of the antenna in the presence of

the metallic body is then computed as

E = E  + E
rad antenna image GTD

where

E is the field due to the current on the antenna only.antenna

E is the field reflected from the metallic body.image

EGTD is the field diffracted from the edges of the metallic body.

3. APPLICATION OF GTD AND MOM TO SOME PROBLEMS

The formulation of Section 2 has been verified by comparing it with

some of Burneide’s and Thiele ’s results [3],[4]. In the next sections we

will, discuss the numerical results obtained by applying this technique to

tI’e following problems:

7



(a) Antennas (one or more) on a u nite ground plane .

(b) Antennas (one or more) on ;i conducting box.

(c) The Sh ipboard Twin—Fan Antenna.

Antennas on Finite Ground Plane

In Fig. 3a, a A/4 monopole is located on a finite size conducting plane

with Lx and Ly as variables. The antenna itself is treated by MOM. Five

subsections with piecewise sinusoidal expansion functions and pulse testing

functions are used [l]~ The mutual coupling between the antenna and edges

is treated by GTD [4]. For comparison, the monopole located on an infinite

cond ucting plane is shown in Fig. 3b. The input impedance and the current

magnitude of each subsection of Figs. 3a and b for different size conducting

planes are shown in Table 1. It is noted that the antenna input resistance

increases and the current amplitude decreases as the conducting plane gets

smaller . Note also , by comparing the first column with the others that

the effect of the edges on the current distribution of a simple monopole is

small indeed.

The radiation patterns JE(6)J corresponding to the cases in Table 1 are

shown in Figs. 4 and 5. In both figures , there is a dotted—line plot which

is the radiation pattern of a monopole on a finite size ground plane without

consider ing the diffraction from edges. From the comparison of these two

curves it can be seen that the effect of the edges is very important

*Testing functions are the same type of local orthogonal functions used to
expand the current distributions . They are used to expand the excitation
and this process is tantamount to imposing the appropriate boundary con-
dition at each antenna subsection .

~Conducting plane throughout this report means perfectly conducting plane

.8
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especially in the shadow region .

In Fig. 6, two monopole’~ are located on a finite size conducting

plane. The distance between the  two antennas is one wave leng th .  The an-

t ennas  are equally excited Cv = 1). The mutual impedance and the cu r r en t

distributions are shown in Table 2, The same conclusions as those drawn

from Table I can be drawn here. The radia t ion patterns for the different

size conducting planes are shown in Figs. 7 and 8.

Antenna over
infinite Antenna over Antenna over

conducting finite plane finite plane
plane L 1 A , L =O .5A L =O .5~~, L =0.5)~

Input Impedance 45.35 +jl5.45 48.6+ji.5.66 50 + j15.4

Current (mag) 1 0.01043 0.00971 0.00882
Distribution
(correspon— 2 0.02112 0.01976 0.01808

ding to the
same location 3 0.01892 0.01778 0.01637
in Fig. 3.)

4 0.01479 0.01396 0.01294

5 0,00895 0.00849 0.00793

Table 1. Current Distribution and Input Impedance of Single
Antenna over Conducting Plane shown in Fig. 3.

*
Shadow region is the region that cannot be reached by direct rays from the
source.

12
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Antenna over
iniinii€’ \ntenna over Antenn .~ ~‘ver
‘~ nduc t ing in i e p1 an~ fin I ~ ‘ P 1;~ne

L = 1 . ,  L = I’~ 1. = 1 , =O~~
_ _ _ _  _ _ _ _  

x x
_ _  _ _ _

T riput i n d ~ ru~e 45 .7 1 + ,
~ 
15.7L 47 .5+~ 3. d (

~~.l’+jl5.9 _____ —

4~n~~~ __ fj~~~~~~___ 7.35+j8.9 5.49+j8.429

w 00869 0.00823 0.00777 
________

Current (~ ag) 2 0.01813 0.0)728 O.0i62~distrih ut ion - ____________________________________

(corr~ spon— 3 J. )1647 0.01576 0.01486 
________

dj ~~’ to the 
4 0.01301 0.01250 0.01182

sv~ ~.ocat I O f l

in Fig. 6.) 5 0.00795 0.00767 0.00728

6 0.00869 0.00823 0.00777

7 0.01813 0.01728 0.0l~ 28

8 0.01647 0.01576 0.01486 
________

9 0.01301 0 01250 0.01182

10 0.00795 0.00767 0.00728

Tab’e 2. Current Distribution and Impedance of Two Antennas
Over Conducting Plane Shown in flg. 6

Antennas on a Conducting Box

The effects of a box on the current distributions , input impedances ,

and rad i~ tion pattern of a monopole are calculated and discussed in this sec-

tion. Fig. 9 shows a A/4 moz-iopole located on a conducting box of infinite

hei ght and with L , L as var iables. Input impedances and current distri-

butions ire shown in Table 3. The radiation patterns for boxes of different

sizes are shown in FIgs. 10 and 11.

The same conclusions drawn in  th~ p r e v i o u s  section c~ n be drawn here.

That 1-4 , the effect of the edges on the current di st rib uti on i ver’; small

16
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An teun over
- m t  m ite Antenna over \nte~ na Ve~

conducting finite plane finite plane
pla ne L =  IA , L = 0.5 L = 0.5~ , L =

h~~ut impedance 45.35+j15 .45 47.98+j16.3 50.16+j17. 48

Current (nag) 1 0.01043 0.009867 0.009147
distribution —__________

2 0.~~2I12 0.020051 0.018698
(correspon— 

_________- —

d ing to the 0.01892 0.018027 0.016892
same location 

_______ 
__________________________________________________

in Fig. 9) 
4 0.01479 0.014135 0.013314

5 0.00895 0.008593 0.008141

Table 3. Current Distribution and Input Impedance
of Antenna Located over Box Shown in Fig. 9.

but very important  in the  radia t ion pa t t e rn .

ShIp board Twin—Fan Antenna

The simulation of the PF Shipboard Twin—Fan Antenna is the main goal of

th i s  r e p o r t .  There is an abundance of measured data but only a few a t tempts

have been made to analyze the problem [18—201. The PF Twin—Fan antenna is

shown in Fig. 12a. For our purpose the antenna is simplified to the model

shown in Fig. 12b. This antenna is excited between the main mast and the

horizontal wire as shown ~n Fig. 12b and its radiation pattern , when on an

infini te ground plane , is shown in Fig. 13. For the frequency of 4.6 MHz,

the Twin—Fan Antenna is so small in wavelength that it behaves like a small
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monopole, hence the omnidirectional pattern.

When the  Twin—Fan Antenna  is located on the PF ship, the effecLs of the

complicated ne ighbor ing  structures make the radiation pattern different t ram

t~ t a t  of a simple monup o l e .  The ra~1iation pattern which w i l l  he s imulated in

t h i s  section is p a t t e r n  #103 (4 . 6  M H z ) ,  Antenna  (2—1) , Vert ica l  Polarization

at 6 elevation angle from :

Preliminary Engineering Report (5 March 1973)

Isolation and Radia t ion  Pattern Data

1:48 Scale PF Ship Model Analysis

Sm. No. 72—DEC O—5

This radiation pa t t e rn  ~ as also used by Raschke in his report [18].

As It can be seen in the development of Section 2 re lat ing to the coinbi—

nat ion  of GTD and MOM , if the terms ( Z )
GTD 

are included (the contribution of

d i f f r a c t i o n  e f f e c t s  in the current  distribution) then N 2 extra calculations

are required , where N is the number of subsections in the antennas. This

will require a great deal of computation t ime when N is large. However, from

the resuLts  of Tables 1, 2 , and 3 of Section 3 , we see tha t the effect of

the diffraction fields from the edges on the current distribution is very

small. Therefore , the current distribution on the Twin Fan Antenna will be

obtained by MOM considering the antenna ove r an i n f i n i t e  ground plane . In

the radiat ion pat tern the d i f f r a c t e d  and ref lected f ie lds  are all considered .

In order to gain ins ight  in the problem , it was decided to s tart  wi th

very simple models which became progressively more complex as the compari-

son with experimental results required . Initfall y, we observe that the side

edges of the shi p and the brid ge are much closer to the antenna than any
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other structure . The model shown in Fig. 14 was then considered first. The

Twin Fan An tenna is located in the center and the edges are extended to in-

finity in both directions. The current distribution on the Twin Fan Antenna

is first calculated by MOM . Many calculations have been made for different

parameters of the Twin Fan Antenna and by considering different sets of mul-

tiple diffraction from the edges. Some of these radiation patterns are

shown in Fig. 17, where the x’s represent measured data from the report

referred to above. It is interesting to note that the result of this most

simple model has the correct general shape except for a large error in the

forward direction .

The parameters for the Twin Fan Antenna used for these calculations

were in part derived from the report and in part from pictures. They are

the following : the distance from the base to the feed point is 59 feet , the

distance between the two transmission lines, shown in Fig. l2a is 4 feet ,

the distance that the main mast extends above the transmission lines is 25

feet , the width of the antenna is 34 feet, the distance between the two

masts is 30 feet , the height of the second mast is 42 feet , the radius for

the two masts is 0.3 meters , the radius of the wire is 0.01 meter , artd the

radius of the yard arm is 0.1 meter.

Using the above set of parameters for the Twin Fan Antenna and the

model of Fig. 14, the radiation pattern (vertically polarized field) is

shown in Fig. 18 for 6° elevation and f = 4.6 MEz. From a comparison of

this radiation pattern with measured data (the x ’s), we note that there is a

large error in the forward direction . It is also interesting ~o note tha t

the edges of the ship and bridge are the main factors in the radiation
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pattern for $ = 500 to 1600. The reason for this is that these edges are

closer to the antenna than any other structure.

Next , a slightly modif ied model , shown in Fig. 15 was tried . The

ed ges of ship and bridge are now f i n i t e  in length , hu t  othe r s t r u c t u r e s  are

s t i l l  neglected . The r e su l t  fo r  th i s  model is shown in Fig. 19. From the

above two models , we conclude that  if we want good resu l t s  in the f o r w a r d

direction , a more detailed model is required .

In order to gain experience in what is important in modeling the ship,

a large number of conf i gurat ions  have been tried . One of the successful

ont~ i~; that of - Fig. 16. The multidiffractions between edges are taken

into account. The radiation pattern for this model is shown in Fig. 20. It

is worth mentioning that because the model of Fig. 16 is so complicated , a

considerable amount of smoothing had to be done to obtain the pattern pre-

sented . Further study on this problem has to be dome .

At this junction of the development a new report containing a “complete ”

set of drawings and radiation patterns became available. The report is:

Engineering Report (2 August 1973)

Radiation Pattern and Isolation Data

1:48 Scale PF Ship Model Analysis

Sm. No. 73 DECO-2

As data well documented is hard to come by, we decided to change our pro

grams to follow this report as closely as possible.

The irodels of Fig. 16 for the ship structure and that of Fig. 12b for

the Twin Fan Antenna were found not to be in accord with the new drawings

and not very good at higher frequencies and higher elevation angles. A
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more complete nodcl , as shown in Fig. 21a , was then deve~loped . In this

nedel , multi—diffractions hctwt en edges iire c o n s i d e r e d . iho m o d e l  f o r  the

Twin—Fan Antenna is also simplified to that shown in Fig. 21b. The height

~ tii ~ second mast is 42 te~~t .  Th e distance between the two masts is 34

feet. The radius of the wire between the two mas t s  is 0 . 0 2  meters. The

radius of the vertic al wire is O.U2 ~eLers . After these m o d i f i c a t i o n s ,

radiation patterns for the shipboard Twin—Fan Antenna were computed and are

she~’n in Fi gs. 22 and 23 at 10° eleva tion and frequencies of 5 MHz and 6MHz.

t is noted from these two results that there is general agreement in shape ,

but larger errors in the forward and backward directi ns.

In the models of ship structure developed above , all othe r antennas

located on the ship were neglected . The existence of those antennas may be

important for the radiation pattern ev n when they are all open—circuited .

Fig. 24 shows the actual PF ship model. There are four 35 foot whip anten-

nas and two radar masts with heights of 18 feet and 20 feet. They are

shown in Fig. 25. Using this model and assuming that all antennas are open—

circuited except the Twin—Fan Antenna , the rad iation patt erns at 10° eleva-

ti on and frequenc ies of 5 MHz and 6 MHz were comp uted and ar e shown in

Figs. 26 and 27. Agreement with the experime ntal data is quite good .

CONCLUSIUN

In this report the feasibility of applyi ng a combination of MOM and

CT!) to shipboard antennas was stud i ed . The results are surprisingly good

when we consider that many of the rules of CTD were violated as f a r  as the

distance to r iffractin~~edges is concerned . The goal of obtaining radiation

patterns within 3dB to 6 dB for the initial ship de sign phases have
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general ly  been met .

We feel that we have to gain more experience in applying this tech-

nique to ship design to decide what can be neglected and what should be

considered in the computational mode. This should be the main thrust of

a follow up e f f o r t .
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M~FRIC SYSTEM

BASE UNITS:
Unit SI Symboi Fc

length metre m
mass kilogram kg
time second a
electric current ampere A
thermod ynamic temperature kelvin K
amount of substance mole mol
luminous intensity candela cd

SUPPLEMENTARY UNITS:
plane angle radian rad
solid angle steradian sr

DERIVfl) UNITS:
Acceleration metre pee second squared m/s
activity (of a radioactive sourcel disintegration per second ldialntegratlon)/s
angular acceleration radian pee second squared . . radii
angular velocity radian per second radis
area square metre - m
density kilogram per cubic metre kg/rn
electric capacitance farad F A.aN
electrical conductance si emens S AN
electric Field strength volt p.r metre ... V/ rn
electric induc tance henry H V’s/A
electric potential difference volt V W/A
electric resistance ohm V/A
electromotive force volt V W/A
energy jou le N.m
entropy joule per kelvin ... j/K
force newton N kg.mls
frequency hertz Hz (cycle )/s
il iwnina nce lux lx lm/m
luminance candeia per square metre .. cd/rn
Luminous flux lumen im cd.sr
magnetic field strength ampere per metre S A/rn
magnetic flux webee Wb V s
magnetic flux density tesla T Wblm
magneto lnotive force ampere A
power watt W J/s
pressure pascal Pa N/rn
quantity of electrkity coulomb C A.s
quant ity of heat joule N.m
radian t intens ity watt per stetadian ... W/sr
specific heat joule per kilogram.kelvin ... I/kg-K
s tr es s pascal Pa N/rn
thermal conductivity watt per metre-kelvin .. W/m.K
veloci ty metre per second ... m/s
viscosity, dynamic pascal-second ... Pa’s
viscosity, kinematic square metre per second • 0 rn/s
voltage volt V W/A
volume cubic metre m
wavenumber reciprocal metre (wave)/m
work joule j N.m

SI Pt~~1XF.S:

_Multiplication Factors PrefIx SI Symbol

1 000 000 000 000 10” t ars
1 000 000 000=10’ gig. C;

1 000 000 = 10~ meg. N
1 000 = 10’ kIlo k

100 10’ hecto’
10— 10’ dek.s~ da

01 10 ’ deci’ d
0.01 = 10 ’ :eflt l~ C

000 1 10’ mliii m
0.000 001 = 1O~~ micro

0.000 000 (101 10” nano fl
0.000 000 000 001 10” ” pIca

0.000 000 000 QUO 001 = 10 ”  h,mtn
0.000 000 000 (XX) (100 001 1 0 ’  attn a

To be avoided where possible
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