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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 Rome Air

Development Center. Dr. Roy F. Stratton , RADC/RBCT , was project

• engineer and provided overall technical direction and guidance.

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 Engineering), Purdue Univer—

sity (School of Electrical Engineer ing) , Georgia Institute of Technology

(School of Electrical Eng ineering) , and State Un ivars ity of New York at

Buffalo (Department of Electrical Engineering) act as prime contractor .

schools with other schools participating via sub-contracts with prime

schools. The U.S. Air Force Academy (Department of Electrical Engineering),

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

and the Naval Post Graduate School (Department of Electrical Eng ineering)

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 explora-

tory development and problem-solving efforts with the post-doctorals

splitting their time between the customer location and the ir educational

institutions. The program is totally customer-funded with current pro-

jects being undertaken for Rome Air Development Cer.ter (RADC) , Space and

Missile Systems Organization (SAMSO), Aeronautical System Division (ASD) ,
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ii
Elec tron ics Systems D iv ision (ESD) , Air Force Av ionics Laboratory (AFAL),

Foreign Technology Division (FTD), Air Force Weapons Laboratory (AFWL) ,

Armament Development and Test Center (ADTC), Air Force Communications

Service (AFCS) , Aerospace Defense Command (ADC), HQ USAF , Defense Com-

munications Agency (DCA), Navy , Army , Aerospace Medical Div ision (AMD) ,

and Federal Aviation Administration (FAA).

Further information about the R.ADC Post-Doctoral Program can be

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

:k . 
telephone Autovon 587-2543, Commercial (315) 330-2543.
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Lis t of Symbols

A = wa~’°length

t = th ickness

a = conductivity

z , z~ = impedance , load impedance

R~ = Real part of input impedance

Req = equivalent lumped resis tance

v , v ’ vol tage , applied vol tage

i , I = current

ra, a = wire radius

• R , R 1, R2 = c i rcular  disk  rad i i

rx, ry = equivalent sector radius

J ’ , J~ = volume current densi ty

B = electric field intensity

N = number of wires

9. = wire or segment length

y = a + = propagation constant (a=~ for good conduc tors )

= skin depth = tJ 2/~ ia (for good conductors)

W 9., WR, W~ = dissipated , radiated , input power

Ae = echo area

V i i

-~~~~~~~ —— .. • ~~~~~~~~~~~ — -. •• - — — ~~~~~~~~~ ... — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I. Introduction

Thin—wire methods have proven useful In treating a wide variety

of electromagnetic problems [1] — [ 3 1. At present there are many well—

documented computer programs available for the treatment of thin wires

(9.>> a, a<<~~, where a , 9. are antenna radius , length , respectively) [11 -

[3 }. Some of these include the most general orientation (arbitrarily

skewed wires), permit arbitrary excitation and loading, and take junc-~

• tions into account. The thin wire codes are the most highly developed

and well—tested of all the method—of—moments codes.

In addition to treating thin—wire geometries, the thin—wire codes

are also capable of approximately treating conducting sutfa~es, which are

modeled as wire—grid structures. The wire—grid representation is useful

in computing radiation and scattering characteristics. Numerous geome-

tries have been treated by the wire—grid technique , which can be applied

to surfaces of arbitrary shape.

The thin—wire codes can be extended by lumped loading techniques

to approximately treat some problems involving advanced composite materials

such as radiating properties of antennas over a composite surface and

back—scattering from a composite surface.

The thin—wire representation of a surface has its limitations ; one

would not expect to obtain accurate near fields or interior fields from

this representation . The reactive part of the input impedance may not

be accurate. These limitations apply to all wire—grid representations

with perfect as well as imperfect conductors. 

• • • • — - • • ••----- - -- .. -.. - -• --- .--.——-— - -•• — .- -— .
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The key problem in applying the thin—wire codes to advanced composite

materials is the computation and location of various lumped loads added

• to the wire—grid representation. These loads must take into account

• the junctions of wires and surfaces (attachment points) and skin effect.

Some of the basic techniques have been described in a previous report [ 4].

This report describes loaded thin—wire models for the representa-

tion of the electromagnetic properties of advanced composite materials.

Techniques are developed for the representation of thin—wire antennas

• over composite ground planes and for back—scattering from composite

surfaces.

Figs. 1 and 2 show the general problems considered. Fig. 1 shows

a thin—wire antenna, which is driven and loaded at arbitrary points and

attached at points “a” and “b” to a composite ground plane of conduc-

tivity a(r) and thickness t. The conductivity may vary over the ground

plane. It is shown later that highly conductive “pads” located at

attachment points may significantly improve antenna efficiency . Antenna

characteristics desired are far field beam patterns, input impedance,

efficiency , and directive gain. Fig. 2 shows electromagnetic fields

incident upon a surface of conductivity o(r) and thickness t. The

back—scattering cross section and the scattered far field beam patterns

are desired.

Several types of problems have been treated including antenna

problems (Fig. 1) with azimuthal symmetry and with rectangular ground

planes and back—scattering problems (Fig. 2) for rectangular surfaces.

The results indicate that antenna efficiency may be significantly reduced

2
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Figure 1. Thin-wire  An tenna over a Composite Ground Plane3
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Figure 2. Back-scattering from Composite Material4
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for some problems by the presence of a composite ground plane.

Antenna “pads” near the attachment points may significantly improve

antenna efficiency. In some cases, antenna far field beam patterns

remain essentially unchanged as efficiency or back—scatter vary over

a wide range. Therefore, beam pattern data alone is not a good

indicator of antenna or back—scatter characteristics.

5
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2.0  THEORY

2.1 LOADING TECHNIQUES FOR THIN WIRES

In the method-of-moments formulation for thin wires a matrix

equation is obtained :

• [v] = [z] [i] (2—1)

where the elements of [v] are generalized voltages (weighted integrals

of the electric field), the elements of [z] are generalized impedances,

and [i] represents the unknown currents. The addition of lumped loads

to the w ire structure results in the matrix equation

[v ’} [[z] + [z~]] [i•1 (2-2)

where r i  Iz 0
iz i =

U Lo ~~~
and where [v ’J represents applied voltage and the diagonal* load matr ix

[z
9.
] contains the lumped loads (see [1], [3]). Thus the effect of

lumped loads is merely to replace total voltages [v] with known applied

voltages [v’} and to add a diagonal load matrix [z~ ] to the generalized

impedance matrix [z].

The essential problem is thus to compute the load impedance matrix

[z~ ]. The conduction current aE is much larger than displacement cur-

rent jw~ E for typical values of interest and thus the load impedances

will be resistive. The skin effect must be taken into account since

typical composite thickness may be many skin depths (see [5]) .  The

attachment point must be modeled properly so as to enforce the radially

outward (or inward) curren t f low in its vicinity. These effects are

considered in sections 2.2 through 2.4. .

~The load matrix is purely diagonal only in snecial cases [1], [3].
for example , pulse  functions and noint  matching .

6
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2 .2  CURRENT FLOW MODELS

In this sec tion , loading models for different types of current flow

are examined . These include models for radial flow , re ctangular f low

• and current flow taking into account the skin effect .

2.2.1 Loading Model for Rad ial Flow and Attachment Points

Consider a monopo le on a composite d isk , such as that shown in

Fig. 3a. In this case, current flow is radial. The disk is first sub-

sectioned into small sectors as shown in Fig. 3b. Fig. 3c shows a

typical subsector. We then model each subsector with a wire and load

each wire with an equivalent lumped resistance which accounts for the

• 

. finite conduc t i v it v of the composite material .

To calcula te the load ing res istance we f irs t le t the curren t f lowing

on the wire be equal to the total current flowing on the corresponding

subsector. Then the loading resistance is calculated as that which will

prod uce the sam~ voltage dron as that over a corresponding subsector.

For the low frequency case (skin depth much greater than composite thick-

ness t ) ,  it is assumed that the current f lows un i f o r m l y  throughout  the

thickness of the disk (modifications are made later to take skin depth

into account).

The vol ume current densi ty J~ in a subsector (Fig.4) may be repre-

sented as fo l low s:
p 1.J(P 1)

J~~(~ ) = (2-3)
p

where p ,  p 1, p- ~ arc  shown in  Fig . 4.

And since

J = aE = -avv ( 2 - 4 )

7 
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(b)

(c )
Figure 3. Radial Current Flow (a) Monopole on a Disk

(b) Subsectional Model (c) Typical Sector
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Figure 4. Radial Current Flow on a Subsector
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and for radial flow a 
= 

a 
~ 0

av
J~ (p) = -a -

~~~
— (2-5)

Now we calculate the voltage drop over a sector:

J
V = + I

a

“p 1 
________ ~r-~ ~ i) P2

dp = Ln— (2-6)
0

and the total current I flowing in the sector is

I = 1(p ) = J~(p) x (p$t)

0r~ 
11
~i)

= x p$t = p1$tJ~(p1) (2-7)

where •, t are given in Fig. 4.

Lu
and Req*u JL. = !1 1 

~~ ....!.~. 
(2-8)I p

1 tJ0~~1) a$t p
1

Let N be the number of radial wires used to model the composite
2irdisk . Then

and Req = Ln (2-9)

Equation (2-9) can, of course, also be obtained directly by standard

techniques for static resistance; for later cases the full development

is required.

The attachment point can be treated by taking into account the

radius “a” of the monopole antenna. Figure 5 shows the monopole
* Req is the equ i valent lumned resistance.

10
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antenna and a bordering subsector. The equivalent resistance is

N 
____Req = 

at2ir a 
(2-10)

Note that the equivalent res istance for a subsector bordering an

attachment point depends critically on the actual wire rad ius. This is

reasonable since the wire rad ius “a” determines the “bottleneck”

through which current must flow . The high value of resistance leads

to high losses for border ing subsectors . This corresponds to the h igh

losses expected for a resistance in the near field of an antenna where

reactive power density may be large.

All load resistances are now known and the monopole-disk problem

of Fig. 3a may be modeled as shown in Fig . 6, the resistance values

being computed by equations (2-9) and (2-10). The entire system of

wires is subsectioned , subsections are numbered , and the diagonal load

matrix [19.] is thus known, where typical element z9.j. is the appropriate

load resistance for the ~th subsection. Currents [i] are then computed

by matrix inversion . Then beam patterns, eff iciency , direc tive ga in ,

etc. ,  can be computed by further matrix operations [3 1.

The case of purely rad ial current f low has been cons idered f irst

because of its direct relat ionship to the treatment of attachment

points. In section 2.2.2, a more general model is cons idered involv ing

radial current flow near attachmen t po ints and rec tangul ar curren t flow

elsewhere.

2.2.2 Loading Model for Rectaiigular Current Flow and Attachment Points

Cons ider antennas over rectangul ar compos ite ground planes as

shown in Figs. 7a, c. Again , thin wires are used to model the

11
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Figure 5. An Attachment Point
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(a)

(c)

Figure  7. Antennas over Rec tangu la r  Composite Ground Planes
(a) monopole (c) transmission line antenna
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(d)

Fi gure 7. (part 2) Antennas o~er Rectangular Composite Ground Planes
(b) monopoic mod el (d) transmission line antenna model
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rectangular ground plane and the wires are loaded with  equiva lent

resistances (Figs .  7b , d) to account for the f i n i t e  conduc t iv i ty  of

the composite material .

Fi g.  8a shows the four wires which are d i rec t ly  connected to an

attachment point. It is considered that the resul tant  rectangle is

divided into four triangles as shown in Fig . 8a. Each triangular

sector is replaced with an equivalent circular sector (see Figs . 8a, b)

with the same area. Radial current flow is assumed and resistances

are computed by equations (2 - 10) , as fol lows :

Let Lx , Ly be sides of the rectangular  ground plane (Fig.  7c)

and let Nx , N y be number of subsections for each side , respectively.

Radii r~~, and r y of the equivalent circular sectors are

- f ~x~y — - i~ Lx Lv (2 11)r
~ 

- 

~~~ tan _!
~~~.

_ 

- 

~ N x Ny tan ~~~~~~~ 
-

LxNy

r 
- ______ - f L,~l y 

- 2-12

‘ tan NxNy tan

where r~~, for example , is shown in Fig . 8b.

Then from Eq. (2-10) the equivalent resistances (Req)~ and (R eq)~

for x-directed and y-directed wires connected to an attachment point

are
1 r

~(R eq’)x = 1 N in (2-13)
2 at tan k _—Y~

_
~ raL~N ~

16
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Figure 8. Attachment Point (a) wires near the attachment point
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Figure 8. Attachment Point (b) the equivalent circular  sector

18



— 
-,- . •--- .• • • —- • -•-•. - - - -

~~~
--—• -  -•

~~~~~
---

~~~~
-•

~
- ----—— •--

~~
- -•- ——-. . -— --—

~~~~~~~~~~~~~r

(R eq)y = 
-l L N in —u-- (2-14)

2at tan ~~Y raLy N x

Thus radial current flow is enforced near the attachment point.

For all other wires not directly connected to an attachment point ,

a rectangular current flow model is assumed . Equivalent resistances

for x-directed and y-directed wires are

R - ____ - 
E~xNyeq x — 

ati~ 
— 

etLyN x 
-15

(R eq)y = = (2 16)

for the low frequency case. Figs. 9a, b show typical representations

of a surface by a rectangular grid. The currents flowing in the wire

grid sections each represent an equivalent surface current flowing over

an equivalent area of the composite. Equivalent areas are shown . The

equivalent resistors (Req ’)x, for example , are identical for Fig . 9a,

whereas the edge resistors of Fig. 9b are twice the value of the others.

Typical results show little difference between the two alternative

model s of F igs. 9a, b.

All of the results in sections 2.2.1 and 2.2.2 apply to the low

frequency case (skin depth much greater than thickness t). In section

2.2.3, these results are modified to take skin depth into account.

2 . 2 .3 Load ing Model s for Sk in Effec t

2.2.3.1 Radial Current Flow

Fig. (10) shows a typical sector for radial current flow . It is

assumed that the current distribution in the z direction is given by

19

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • -~~~~~-~~~- ~~~~~~~~~~~~~~~ •



-

TYPICAL
EQUIVALENT

r1\~~~~~~~~~~_

~~~~~~~~~ ~ L
~1

, I ,  I.-I ____  
I 

_ _ _ _ _  Iltl-i-- —
I I 

~~~ I
I I I I

• I I
• I 

_________ 

I

I 
_ _ _  _ _ _  _ _ _

Y I 
_ _  I

L__...._~~ J -~

x

Figure 9. Rectangular Current Flow (a) model 1

20

I 
-• •• ~~~~~~~—- - — — •. - • -~~~~~—-•~~~-— •~~~• -- • - • _ _ _ _ _ _ _ _ _



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

-
•

• -

~~

- •- --- —-

~~~~~~~ 

. • - - -  __

COMPOSITE BOUNDARY 

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

I _ i U~ _

~

f_
L ‘

~~E~~±_— RESISTOR

Figure 9. Rectangular Current Flow (b) model 2

21

__________ . .- ~~~---~~~—••*——-“.,
~~~~~

• • • . -- • - ‘ • -••



-
~~ 

•-.•----• •------
~
.—-- • --- --

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

—-—-— - -----. -‘ - • -  
_ _ _

P2

/— ..~I ,I,
/ /  ‘ ~‘I ,  \ \

‘ \
\ \
\ \

I / “!~UIEi~~ �‘ ‘
• / /

I ’
~~I i  / _

~‘4~‘
I ~/

‘
~ 

‘
~~ 

_ _

II

/
/

P1 —

1’

Figure 10. Radial Current Flow (skin effect)

22



. .__

J (z) 
p=const . 

= 
~o ~p= cons t . e~~

1 
(2- 17)

where J is the current density at the surface (z=O)

• y is the propagation constant of the composite material

y = c ~+j~~~ ~~juIi (a+juc)

6 = skin depth = I

12 ,
=‘4 I~~ia  (a>>wc)

• . It is assumed as in section 2.2.1 that the current variation is the

rad ial direction is given by
• p ,J (p 1 )

J (p )  = (2-18)z=const . p z=const.

Equations (2-17) and (2- 18) yield
-yz

J(p ,z) = p J  ~~~ 
e (2—19)

To calculate the loading resistance the current flowing on the

wire is set equal to the total current flowing through the cross-

section as before . Then the load ing resistance is calcu la ted to be

that which will produce the same ohmic loss as the total ohmic loss

in a corresponding subsector. The power dissi pated [7] is

W9.= ReJ[f E J~ dv , where * represents complex
conj ugate

= —~fffk1 2 dv

= 
__L~fJ f012 I~

o(
~1) I 2 Ie~11I 

pdpd~dz

= 
P1 o P1 [P~ ~J f ~ f~ e_2C~ dz

0 Jp P]0
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~1
2 I.~°(0 1)

~ ~ 1 -2atWL = (~;•) [l-e ] tn —

= 
2rp 12 IJo (o1) 12 (~n __ ‘

\(l~e
2
~
t

l 
(2-20)

2aNc& \ P~~/

where t is the thickness of the composite disk

N is the No. of radial wires used

a = Re (y).

The current flowing through the cross section is independent of

p and is given by

I ’ t  = I’ (o) I ~fJ’ I J ( P .z pdzd $

=JJ~ pl
J0(01)e dz

= 
~~ l J o~P l ) I~~ e °~ dz (Since~ e

_
~zI = e~

’1)

I Jo(o i) I 21Tp 1
= (1 — e ~ ) (2-21)

aN

and the equivalent loading resistance for radial flow is

____ 

a?1~~n ~~~~(l_e
_ 2at

)
Req = 

2 ( 2 2 2)
I~ 

12 1 1! a (l_e~~
t
)2

For the low frequency case, ~t> 0 and thus
C

aNin -’~~ 2atl im R eq = x
‘4na (at)

N ~~ ‘
= 9.n ~~~~~~~~~~~~ (2-23)

2irat 01

which agrees with Eq. ( 2 - 9 )
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2 .2 . 3 .2 Rec tangular Curren t Flow

Consider current flow in a rectangular section (Fig. 11). Again

it is assumed that the current distribution in the z direction has a

dependence e YZ
. It then follows by straightforward calculation that

the equ ivalen t res istances (R eq)x are (R~~)~ for x- and y-directed

w ires are 
2

(b - 
ctL~N~ (1-e 

at
) (2-24)

‘.“eq ’x  - 

22(3LyNx (l_e ..at)

aL N~ (l~ e 2at)
~ q)y = 

2oL~
N
~• (l~ e~~

t)2 
(2-25)

For the low frequency ca se , at >0 and thus

L~Nyu r n  (Req )~ = (2-26)
czt~~ O atL y N~

u r n  (Req)y = — 
LyNx_ (2-27)

at~~0 
otL~Ny

which agrees with Eq. (2-15) and (2-16) respectiv ely .

2.3 CALCULATION OF ANTENNA EFFICIENCY

As noted in sect ion 2. 1 , the problem of an antenna over a composite

ground plane is reduced to a matrix equat ion of the form

lv ’] = [[z] + [z~ j] I i ]

once the equivalent resistances have been computed . The currents [i]

are then obtained by matrix inversion :

— 1
[ii = [[zi + [z i] fv

The antenna eff icienc y is defined as the ratio o1 r a d ia t e d  f low er  t~~

inpu t power : WR
Efficiency = — = (2-28)
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where •W~ = + is the input power

is the power radiated

is the power dissipated (in the equivalent resistances).

The power ( input  and d i s s ipa t ed )  may be represented by a m a t r i x ,

[W], whe re *
= Re i

~
v
~ 

(2-29)

In this representation , the typical element W~ is the input

pow to a port , positive if the port is driven , negative or zero if

it is loaded , and zero if the port is metallic.

Then the input power 
~~ 

may be found by summing over the driven

port s , 
*Wt =~~~~ Re i 1 v~ (2-30)

D R I V E N
PORT S

and the dissipated power W 9. may be found by summing over the loaded

por ts: *

W 9.= -~~~Re i 1 V~ (2-31)

LOADED
PORTS

Dissi pated power may also be found by

= ~~ (Re z ti) i i (2-32

LOADED
PORTS

th 
~~ Re i~ - 

~~ 
(R eZ cj) j i 1

2
us DRIVEN LOADED

• • 
Wt-W 9. PORTS PORTS

E f f i c i e n c y  = Wt 
= 

• *L Re i 1
DR I VLN
PORTS

17
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2 .4  SCATTERING CUARA CTER I STICS

Consider the scattering problem shown in Fig. 12a which shows a

known e lectr ic  f i e ld  ~~j T~~ incident upon a rectangular plate of com-

posite material. Fig. 12b shows the equivalent problem , a loaded wire-

grid structure . All resistances are computed with the assumption of

rectangular current flow (equations 2-15 and 2-16)

This problem may be represented ([1]), [3]) as a matrix equation

of the following form

[_ v ( 1 f l c) ]  = [[zi + [Z L]] [ii (2-34)

where the typical element v ’~ is a generalized incident voltage

(an integral of the known inc ident electric field). Currents [iJ are

determined by matrix inversion . Scattered fields radiated by. the wire-

grid currents are obtained as in the radiation problem. The back-

scattering cross section (echo area) is obtained [8] as

S5
Ae = echo area = u r n  (41Tr2 —

~~~~~
) (2-35)

r~~ =

where S5 is scattered power density, at a distance of r from the

scatterer , in the backward direction , and S’ is the incident power

density.
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3.0 COMPUTED RESULTS

The computed r esu l t s  presented in t h i s  chapter  were obtained by

modifying two thin-wire codes [9], [101 various subroutines were added

to these codes to compute efficiency, direc t ive gain , echo area , and

to handle attachment points for rectangular geometries. Additional

subroutines were written to compute the various equivalent resistances.

Program listings and card decks are available upon request to the

authors.

3.1 PROBLEMS WITH AZIMUTHAL SYMMETRY (LOW-FREQUENCY CASE)

Fig. l3a , b show monopoles over a single section , double section

composite ground plane , respectively, and indicate the parameters R ,

i, R1, a~~, R2, 02 used in this section of Chapter III.

In any wire-grid representation of a surface , the effect of the

coarseness of the grid is of interest. Fig . 14 shows some typical

results for a quarter wave monopole over a resistive disk of radius

A/4, as a function of N (the number of radial wires). Note that R1

varies slowly with N and that reasonable results are obtained even in

the very-coarse grid case N=4.

Fig. 15 shows plots of antenna efficiency , as a function of con-

ductivity, for a quarter--wave monopole over a ground plane . The lower

curve is for a sing le-section ground plane of conductivity a , radius A.

The upper curve shows the effect of replacing the central portion of

the ground plane with a perfectly conducting pad of radius R 1=0.5A .

Note that antenna efficiency is increased for all values of conduc-

tivity a.
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Note the shape of the efficiency curves. Both plots show efficien-

cy curves which approach 100% efficiency for very large and very small

• conduct ivi t ies , as expected , and a minimum value of efficiency at some

intermediate value . A wide range of a values is shown . Most of the

val ues cited for boron/epoxy and graph ite/ epoxy l ie between a l O  and

a=2xl 04, with the most common values being about o~ l30 for boron/epoxy

and ~‘~io~ for graphite/epoxy . For the rema inder of th is chapter ,

results are plotted for the range of values a=10 to ~~~

Fig. 16 shows the effect of reducing monopole length from A/4 to

A/b , w ith a ground p lane of rad ius A/ 2. Eff iciency is reduced , as

expected , in agreement with the well-known limitations of electrically

smal l antennas [l l ] - [ 12 ] .

3.2 PROBLEMS WITH AZIMUTHA L SYMMETRY (HIGH-FRE QUENCY CASE)

Fi g. 17 shows the effect of skin depth (which is a frunction of

frequency) on antenna eff iciency . The antenna eff iciency is pl otted

as a function of conduct ivi ty  for a quarter-wave monopole over a

resistive d isk of radius A / 2 , as a function of conductivity and fre-

quency. Note that there are appreciable losses for a boron/epoxy

material (a 130) at x-band frequencies (f=10 10). Note that , due to

skin effect, losses increase mono-tonically with frequency. In these

plots the electrical dimensions of the geometry are f ixed rather than

physical  dimensions.  Fi g.  18 shows how the losses are increa sed for

an e lec t r i ca l ly  short antenna (R = 0 .SA , 2 = 0 . l A ) .  Note that in th i s

case losses become apprec iable fo r a boron/epoxy mater ial (a 130) at

low frequencies and that losses become noticeable for a graphite!
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epoxy material at f=3x1010.

The computations indicate that antenna efficiency may be an im-

portant cons idera tion , espec ial ly for electrically small antennas or

high frequenc ies , and especially for boron/epoxy materials.

3.3 RECTANGULAR GEOMETRIES

Fig. 19 a and b both show a hor izontal antenna on a rec tangul ar

composite plate. In both cases the antennas are shorted to the plate

at one end and driven at the other end . The spac ings S between

antenna and plates is l/4A and •0625A respectively.

The rectangular plates are replaced by appropriately loaded wire

grids. F ig. l9c shows a compar ison of the rad iation impedan ce of

these two cases . The radiation resistance of the case with S=l/4A is

ten times larger than with S= .0625A , as expected. F ig . 19d shows a

plot of the efficiency for these two cases . The efficiency of the

an tenna in F ig. l9a is of course much greater than that of the trans-

miss ion l ine type antenna of Fig. 19b.

A special subroutine was written to simplify the treatment of rec-

tangular geometries with attachment points. Attachment points , attach-

ment res istances and grid size are specif ied and then the gr id and

other resistances are generated automati ca l ly .

3.4 BACK SCATTERING

The back scatter of a finite composite plate can be treated by a

wire-grid model. Consider the example shown in Fig. 20. A plane wave

polarized parallel to one side of the plate is incident normally upon

a perfec t ly conduc t ing square pla te. The pla te is replaced by a wire

38
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EXPERIMENT BY KO UYO UMJ IAN
• CALCULATEDW ITH W IRE- GR I DMO DEL
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Figure 20. Echo Area of a Rectangular Perfect Conductor (normal incidence)
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grid of appropriate size and shape. The e l e c t r i c a l  echo areas

(Ac/A 2) of different sizes of square plates are calculated. Fi t~. 20

shows a comparison of computed and experimental data for broadside

echo area , for a perfectly conducting plate.

Consider the example shown in Fig. 21 . A plane wave is nor m all y

incident upon a A /2 by X/2 lossy composite plate with c o n d u c t i v i t y  U .

The lossy plates are replaced by appropriatel y loaded wire grids.

Fig. 21 shows a plot of the electrical echo area against conductivity.

• The echo areas approach the perfect conducting asymptote for the cases

with conductivity greater than l0~ and approach zero for the cases

with conductivity less than 10_ i . Beam patterns have also been plotted

for the cases of Fig. 21. They show very  little change in the beam

patterns as the echo area changes by a factor greater than ten .
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4.0 CONCLUSIONS

Loaded thin-wire models have been developed for the representation

of the electromagnetic properties of advanced composite materials.

• These models apply espec ially to radiation properties of antennas over

composite surfaces and back-scattering from composites . Special tech-

niqu es are requ ired for attachment po in ts. Skin depth is taken into

account . Antenna efficiency and gain are computed . A small metal pad

antenna efficiency may be an important consideration for boron/epoxy,

- 
- , especially for electrically small antennas. A small metal “pad” at

attachment points may significantly improve efficiency. Finally, far

f ie ld  beam pattern s may remain essentially unchanged as efficiency or

back scatterer varies over a wide range.
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