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I . INTROL1JCTI~V

Composite materials are f inding increasing use as part s of aircraft

structu re due primarily to the weight advantages they offer . As their $
use increases , a concern exists over the electromagnetic effects of re-

placing metal aircraft structures with the lesser understood composite

material structure . N~mierous antennas are mounted on aircraft and these

antenna often use the metal aircraft structure as an electrical ground plane .

The metal structure also strongly affects the aircraft s ability to shield

electrical equi~ nent as well as the radar cross section that the aircraft

displays. How will the increased use of composite material for aircraft

structure affect these considerations?

This study was limited to one particular composite material, graphite

epoxy composite material number 114F-l33/34 by Fiberite. In this material 50%

of its fibers are oriented vertically and 50% horizontally. T~~ five foot

by f iv e  foot sheets of this material were set up and cured for use in this

study by the Air Force Fli ght Dynamics Laboratory at Wrig ht-Patterson

Air Force Base. Fi gure 1 shows the graphIte epoxy sheets.

Each sheet was composed of 50 plies of graphite fibers and , after

cur ing, this produced a sheet of about 1/4 inch in thickness and weighing

approximately 50 pounds . The second sheet was obtained so that if it was

determined that one sheet was part ially transparent to electromagnetic

radiation , both sheets could be used together to produce a double thick-

ness (100 p1ie’~) for further inve~ ’igation of tran sparency , skin der~th , etc.
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Ft ~u i o  1. Gi i 1th i t o  I~pOXy Shoots

in add i t  ion to ho ing 1 im i  ted to g r a p h i t e  epoxy compo site mate r ia l

t h i s  st~~lv i~as a l so  rest r ict ed i n several  othe r ~avs . Si gnal source and

ante nna cotis iderat ions 1 im i  ted the frequenc ies tested to V’O and 837 ~I1t:

1’i~o t ypes of measurements were made : 1) I mpedance measurement o C a

monopo Ic ~u 1tenIhl over a g round 1)1 ane and ~) Antenn a pa t t ern  p lo ts  of

menopole and ~i i po Ic ant eiu ias over a groi u~d p1 ~uie . These measurements

t here fo re , re l a t e  ie~— t direct  lv to the con s ide rat ion of the ab i i  i t v  of

gra ph it o  epo~ v t o  ict as an elect r i c a l  g round p1 ;In e for an antenna
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However , they also have relevancy to the related considerations of shield-
ing effectiveness and radar cross sections.
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I I .  i1[EORY OF (iRrJJND PLA’411 EFFECT S (1~i :WI’i~ \A PLRFO RM~’NCF

i~e ~ i11 examine several basic concepts separately then put t hen . t o

gether to visua l i :e the a f f e c t s  of an antenna t r ansmi t t ing (or i-coo iv n~

ove r a f in i t e  ground plane of an imp erf ec t  conducting m ate r i a l .

concept s are wel l doctni~ nted in the l i te ra ture  so no e\ ton sive  or r i~,oro~ s

proo f is attempted here . A 5rief  review of the theory involved ~or t he

fo 1 lcw i r ig si tua t ions is in o rder:

1) Plane ~~ivc r e f l e c t i n g  fro m an in f in i t e  perfect ly  condu~ in~ ~Ian~ .

~~ ) ! u~~e t : ioorv  as i t  applies t o  antennas.

~~ ~‘lan~ have  r e f l ec t i ng  from an imperfect plane .

~~) ~k :m Jo~~t h  in a good conductor.

~~ 

Amt ciu ~as over a f in i t e  perfect conducting gro~uid 1

( b )  . \~r i t o : 1~~~~ ove r a t i m i t e  i mperfect conduc t ing grc:uid p~. i : . .

a l) 1.Lne wave is inc ident obliquely on a conduct ion p u ic i t  ~s

neces~ aiy to consider  separately two special cases. in  o rder  to  he h~~e’

only one of these cases w i l l  be considered he re . The two cases are LtC

scr ibed by the or ienta t ion of the elect r i c  vector and may he ~k~sc: ihe J • i~

v e r t i c a l ly  or horizontally polarized. Since a large portion of a i rc ia  i t

antennas are ver t ica l ly  polarized , this case wi l l  he developed.

in the case depicted in fi~~ire , and i~ (inc ident and r e f l e c t

e l e c t r i c  sectwn ’ w i l l  have the instantanious directions shown . :\t ~U1\

bounda ry the tangential component of the electric vector must he :oro .
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in f i n i t e ’  ground ~i~uie ~X , 1)
perfect conductor

Figu re 2. Reflection of Wave Having Vertical Polar izat ion

i.e. the tangential component of ~ is continuous at a surface . Snice

the electric field is zero everywhere in a perfect conductor then the

y component of and 
~r mast be equal in magnitude and opposite in

di rection. Since energy is not stored or dissipated in a per fect conduc

tor there is a total reflection of the wave . It can be shown that  the

angle of incidence , O~ , and the angle of reflection , °r ’ are equal.

This leads quite naturally into the next concept . The incident

electric vector , ~~~
. , could have as its source a current element (basic
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Fi gure 3. A ~bnopole An tenna over a Perfec t lv
Conduct ing Ground Pl ane and i ts  Image .

bu i lding block in calculat ing the total  electroma gnetic f i e l d  at come

point , P.) as depicted in figure 3. I t  can be shown th :u the total elec-

troinagnet ic fields at any point , P , in the far field can be ca lcu la ted  by

using image theory . In other words the fields at point P would be the

same whether generated by a monopole antenna over a perfecflv conduct ing

i n f i n i t e  ground i~l ane or by a di pole antenna in free space with the

ground plane removed. This demonstrates the importan t part a ground

plane plays in an t enna theory .
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If the current distribution is known, the power radiated through the

hemispherical surface may always be found by strai ght fo rward methods ,

although the integration may be tedious.

If one takes the example of a quarter-wave monopole antenna over a

per fectly conduc t ing infinite ground plane and calculates the power radi —

ated through a hemispherical surface above the ground plane the following

results are obtained.

O.6O9~l~~ef RefRadiated power - Jordon~~~Balma in

for free space r~ 120 ii ohms

Radiated power Rrad I~~ef f )

• Radiated power a 36.5 ~8 i ” ( e f t )

f~~
. w quartci wave monopole over a perfectly conducting in f in i t e  g round

plane. Consider for a moment the affect on the radiation resistance,

Rrad~ 
if the fields impinging on the ground plane were not completely

reflected either due to an imperfectly conducting ground plane or a fin —

ite si:ed ground plane. In eithe r case one would expect the impedance,

to decrease. Therefore, the measurement of the antenna impedance

should give a clue as to how effectively a ground plane is per fo rming .

if a plane wave impinges on an imperfectl y conducting plane, part

of the wave will be reflected and part will be t ransmitted through the

plane and (depending on o) will be dissipated or attenuated as it

— 
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conducting n~ dia

Fi gure 4. Reflection from an Imperfectly Conducting Fe uldal -\

progresses in the conducting media. As in the case of fi gure 4 the’ dir -

• ect wave from an antenna woul d not change; however, the reflected por

tion would be reduced in ampl itude . The angle of reflection , t~~,, would

not change. This would mean that the phase of the reflected wave at an’

point P should be unchanged. For a reasonably good conducting plane one

would expect only minor, perhaps imperceptible changes in the shape of

the antenna pattern with the major change be ing in magnitude or si gnal

st rength.

If shielding is of interest then what happens to the transmitted

port ion of’ the wave becomes of interest. The propagation constant,

galilna (y) , can be written :

8
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y = Jjwp (o + jwc) Ref: pp. 126 , l~~’
Jordan ~ Balma in

If a = 0 the y is completely imaginary . In this case the t ransmitted

wa ve would not be attenuated at all .  C~ ly a phase shi ft  would occur a~
the wave passes through the media . This would apply to the case of a

perfect insulator or dielectric. The dividing line between conductors

and dielectrics could be considered to be when a~/wc = 1. We are in lo r

ested in the case of good conductors . If 0/we ‘
~~~ 1 then the media would

be considered a good conductor. For the case of wave propagation in a

good condactor (a/we >> 1) one may derive the following expression for

the propagation constant:

y - J(j~4K7) (1 + j ~ -)

— 0J)W 1J O =I wI.L o /45

there fore ~ = / ~~2

The attenuation constant a. will give a clue as to the depth of penet rat ion .

The amplitude of the fields in a propagat ing wave will at t enuate at a

indicated by the expression e~~~ where z is the propagation dist ance in

meters , a term frequently used to indicate how far a wave propagates in

a good conductor before it is dissipated is referred to as sk in dept h  or

depth of penet rat ion , & S. ~S is def ined as that depth in which the wav e has

decreased or attenuated to 1/c or approximately 37% of its ori ginal v a lue .

This implies that

9
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or a . 6 - 1

therefore ~S — — i ~~~ in metersa.

Note that when frequency goes up or si~ na gets large then ~ gets sina i I .

Unless the media is a ferrous material, ~i ~. Note that for a perfect

conductor ~s = 0. Knowing ~ and w one could determine the thickness of a

composite mater ia l  necessary for a shield. Also note that the smaller  - ‘~

is the better reflector of radio waves the media becomes and as a conso -

quence the better ground plane .

In a l l  antenna appi icat ions whe re a ground plane is used some prac -

tical l i m i t s  are placed on the ground plane . An i nf i n i t e  Perfect lv  con -

• duct ing ground plane would obviously refl ect completely the f ie lds  froni

an antenna . In making laboratory measurements very l i t t l e  is ga m e d  in

extend~ing a ground plane be and a radius of the antenna more than three

wave lengths. In many cases measurements must be made w i t h  smal ler groun d

planes. When care is exercised to insure that  adverse resonan t ~ou1i c i i i a

tion s are avoided smaller ground planes may be used without  ~er ious lv

a f f e c t i n g the data collection . Obviously the size of the antenn a bein g

used as well as wave length are factors that determine how large a gr otu~d

plane is needed. In many practical applicat i ons one is stuck w i t h  what

ever ground plane is available.  A good reference for a more cotnj ’lete

• analysis of the affects of the size of ground plane can be foumi in the

works of Dr. ~1 . E. Storer l i st ed  in the Bibliography .

10
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In analyz ing the works of Dr. R. W. P. King it seems that the affects

j on antenna impedance and antenna patterns in the far field may be l’~rief1 y

analyzed as follows . An antenna over an infinite imperfectly conducting
ground plane is very similar to an antenna over a finite per fectly conduc-

ting ground plane. It would seem logical to conclude that if the ground

plane was both imperfectly conducting and finite that the results would

be quite similar to a perfectly conducting ground plane somewhat smal ler
than the imperfectly conducting one . The relative size would depend on
how nuch larger (a >> wc) sigma was than wc.
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III. JRE~ NT ThCI1~ I(~JES

The objective was to determine any differences in the elect 1o:ug~
netic properties of the graphite-epoxy material as conpared to aluainum

- - when used as a ground plane . Therefore measurements were made with anton

nas mounted on ground planes constructed of both materials. Both g rointi

planes were made with identical surfac e configurations - a flat square

measuring 5 ft x 5 ft .  The only geometric difference was the di ffe rence

in thickness ; the aluminum was 0.125 inches thick while the composite

material was 0.25 inches thick. The thickness of the aluminum wa~ not

important , however , since it is close to a perfect conductor. The phv si-

cal dimensions of the alu3lünum and the graphite-epoxy test samples are

shown in figures S and 6.

—
~~~~~ oo”

TP
60”

IL___ 
_ _ _ _

Composite Materia l Sample Aluminum Sample0.25”thjck Fiberj tes 1/8” Thick Aluzn ini.nnNumbe r )3W-133/34
SO Plies
50% Vertical Fibers
50% lbrizontal Fibers

Figure 5. Composite and Aluminum TESF Samples
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l :t gure h .  Photo of ( ound Plan es

Two d i f fe ren t  t vpes of measurements ~‘ere ma de : i ii e~l~u~ce measure —

iivnts and antenna plots .  I~ach measu rement ~as made on both ground planes
w h i l e  keeping the test conditions as s i m i l a r  as ~~~ ih i e .  By a t tempt  ing

to insure that  the on lv d i f f e r e n c e  h~t wean - .ot ~ of  no i ’~u rement s ~ as the

ground p 1 .In i’ , u iv change in measured ra r~unet ar~ ~oul d 1’o due t o  the

g round i~L ane mater a I
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At these frequencies, therefore , the grotztd plane will not behave as an

• in f inite ground plane. This does not affect the validity of the results ,

however , because only a comparison type of measurement is being made w i t  l i
- 

the metal and composite material ground planes being ident ical in s i z e .

1 1
e~ten~ ion slips O\ O I  ~ai~il le i  intenn i

ri~I • I I
~1 .

• flai~d tip of extension m~~cs solidH’ ~~ electrical contact

-1
• • Figure 8. ~bnopole Antenn a Construct ion

For the impedance measurements , the ground plane s were placed out

bor s facing skyward on wooden sawhorses. All equipment and personnel

were placed under the ground plane and therefore unwanted perterhat ions

15
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were minimized. The impedance was measured using the slotted l ine tc~iui iquc .
Measurements were t aken over a range of frequencies centered uI *Jn the res
onan t frequency of the monopole antenna . A block diagram of the test set -

up is shown in f i gure 9.
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B. Antenna Pattern ~~asurements

1 The antenna patterns were obtained using the antenna range on the

1~ dio Frequency Systems Laboratory which belongs to the Electrical Engin-

eering Department at the U SAF Academy , Colorado . This range is approxi-

• mately 60 feet long and is located on the top of the building as shown in

I figure 10. The small boom on the ri ght of the picture is used to radiate

and the long boom on the left of the picture holds the receivin g antenna

Figure 10. Antenna Range

18
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and the ground plane being tested. The control equipment is inside the

bui ld ing  and is shown in f i gure 11 . Th is equipment cont mis  po la r i za t io n

of both tr~uismit and receive antennas as wel l  as cont ro l l i ng  rotat ion

aroun d 3600 of the receive antennas boom . Antenna patterns c~ui be plotted

in rectangular or polar coord inates.

rkL 4JW~!4A _ 1J~
Figure 11. Antenn a Ran ge Contro ls

A technique for mounting the groun d p 1 ~uies to the boom was des i L ~ned

and const ructed. [h is techn ique (fi gure 1 . )  consisted of a special lv

const ructed wood frame which  was attached to the ground p la ne us i rig nyl on

bolts ~uid was also attached to the mounting p la te  of t h e  antenna boom.

Nylon  bolts we re used to reduce any perterbat ions of the energy f i e l d .
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lv . ~LiASJR~~ENT RE~JLTS

A. Impedance Measurements

The measured resistance and reactance of a monopole antenna

is plotted in figures 16 and 17 for a frequency range of 360 to 430 MHz.

These plots show the antenna impedance over both aluminum and graphite

epoxy ground planes. Similar plots are shown in figures 18 and 19 for

the higher frequency monopole antenna (780-900 MHz). A few “unusual”
• data points exist but the curves show that no differences exist that can

be att r ibuted to a difference between the ground planes. Both sets of

curves indicate that these ground planes are acting very much like in-

finite ground planes in that the resistance is approximately 37 ohms

when the antenna is at its resonance frequence (i.e. when the reactance

is zero). The results of the impedance measurements indicate, therefore,

that the graphite epoxy ground plane behaves the same as the aluminum

ground plane at 400 and 800 MHz .

B. Antenna Pattern Measurements

Antenna patterns were measured over graphite epoxy and aluminum

at 370 MHz for the monopole , dipole and UHF P4 blade antenna. In addition

patterns were plotted at 837 MHz for a monopole and dipole antenna. To

understand the antenna patterns wh ich follow , it is recessarv to estab-

lish a coordinate system which wil l  allow the antenna pattern “cuts” to

be clearly defined . This coordinate system is shown in f i gure 20 for the

dipole antenna , fi gure 21 for the monopole and f i gure .2  for the UHF P4

• antenna.
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Figure s 23 through 28 show the variou s antenna patterns made with

a dipole antenna at 370 MHz . For each set of p ictures . the pattern

with graphite epoxy is shown first followed by the equivalent pattern

with aluminum . In each case the antenn a pattern was made wi th  the F

plane of the receive ant enna aligued with the E field of the transmitter

antenna . In each pair of patterns it is seen that the shape of the pat -

tern is the saiie .

Figures 29 through 32 show additional antenna patterns at 37i) MHz

but using a monopole antenna . Plots for the IJI-(F-4 antenna are shown in

fi gures 33 and 34. The plots for the monopole and P4 antennas show a

- 
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• change of signal power from the set of graphite epo~~ p l o t s t c  (he a~~~:~~ i

num ground plane plots. This is because all of t !-tc alum inum 1-’lct i \ er C ’ $
S run together and then all of the graphite epoxy plot s ~1cre done. lr ~ns-

mitted power dropped considerably before the second s..’t of plots  •:o~i i J

• be obtained. While this makes the plots more di ff icul t to interpret ,

close examination shows that the shape has remained the same even in t h~’sc

plots where the decreased radiated power has caused th ~’ magnitude to de-

crease .

Fi gures 35 throu gh 44 are the patterns for the d~pe~5 and i n ~’pele

antennas at 837 MH z.  Again , transmitted power dropped i~efore the corn -

posite material patterns were run but the shape of the patterns can h -

seen to be the same for both ground planes.

While these antenna pattern plot s provide additional ev i~~encc t~iat

the a luminum and graphite epoxy ground planes behave the sa:sse at the  fre-

1 1 quenc~ies stud ied , their usefulness is l imited for two 1’casoiis. First is

the fact that the si gnal power was constant for both ~~t s  of measu re~cat

in only a few of the cases measured. In most cases , therefore, it was

not possible to compare signal strength and only the shape of the pattern

could be compared . Second was the conclusion reported in the t heory

section that a difference between ground planes would be perceived more a’

a change in the antenna patterns magnitude than in its shape .
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Figure 43. Monopole - Graphite Epoxy - 837 MHz
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v . cct~cwsic~
This effort has shown that a 50 ply piece of graphite epoxy compos -

S ite material (material #332-94 by Fiberites) behaves as an aluninum ground

plane when used with a receive antenna (monopole or dipole) at 370 and 837

VI . RECCtvtvIENDATIONS FOR FURThER INVESTIGATION

1. Determine the conductivity, o, for the graphite epoxy composite

material.

2. Repeat the impedance and antenna pattern n~asureu~nts at a

lower frequency such that wc a .

- , 3. Investigate shielding effects using a sheet of graphite epoxy

with a thiclaiess less than one skin depth, 6.

4. Utilize available computer programs to analytically verify the

data ~o1lected.
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