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INTRODUCTION

As the devoted readers of the History section of the EMC
Newsletter know, as a carryover to the 50th Anniversary Cel-
ebration of the EMC Society of the IEEE (1957-2007), we are
republishing past top papers in the IEEE Transactions on Elec-
tromagnetic Compatibility. In the six previous Newsletters, we
have published the first six most referenced papers, which
are, respectively:

1. “Transient Response of Multiconductor Transmission
Lines Excited by a Nonuniform Electromagnetic Field;”
EMC-22, No. 2, May — 1980, Page 119 by A. K. Agraw-
al, H. J. Price, and S. H. Gurbaxani.

2. “Absorbing Boundary Conditions for the Finite-Differ-
ence Approximation of the Time-Domain Electromagnet-
ic Field Equations;” EMC-23, No. 4, November — 1981,
Page 377 by Gerrit Mur.

3. “Generation of Standard Electromagnetic Fields Using
TEM Transmission Cells;” EMC-16, No. 4, November —
1974, Pages 189 -195 by Myron (Mike) L. Crawford.

4. “Frequency Response of Multiconductor Transmission

Lines Illuminated by an Electromagnetic Field,” EMC-18,
No. 4, November — 1976, Pages 183-190 by Clayton R.
Paul.

5. “Statistical Model for a Mode-Stirred Chamber,” EMC-33,
No. 4, November — 1991, Pages 366-370 by Joseph G.
Kostas and Bill Boverie.

6. “Correction of Maxwell’s Equations for Signals I,” EMC-
28, No. 4, November -1986, Pages 250-258 by Henning
Harmuth.

In this issue, we are publishing the seventh Most-Referenced
EMC Society Transactions paper of the first fifty years of the
EMC Society and it is written by Dennis A. Hill, Mark T.
Ma, Arthur R. Ondrejka, Bill F. Riddle, Myron L. Crawford,
and Robert T. Johnk.

The title of the paper is “Aperture Excitation of Electri-
cally Large, Lossy Cavities” and it was first published in the
IEEE Transactions on EMC in Volume 36, No. 3 in August
1994.

Again, we hope you take the time to read and appreciate
the significance of this historical technical article.
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Aperture Excitation of
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Abatract— We preseni 8 theory hased on powsr balases for

N MANY eleciromagnetic inierference (EMI) problema, the
imporeant electronic sysiems arc located within a mecal
wilh sperisres. In such cases i i imporant o
that we can relase the imeror fields o the exiemal incides

|

The organization of this paper is as follows. Section Il
comtaing & derivaton for the cavily quality factor () of an
ehectrically large cavity where the losses include skin effect in
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Fig. |. Agperwre cxcitation of & caviy comiainng aharhor: amis provivisg
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the walls, volume shaorption by lossy ohjects within the cavity,
leakage thromph apertures, and power abscrbed by recebving
antennas. Section (11 covers apertore excilation of the cavity
by an external feld. Section 1V conmains a power balance
derivation of the shiclding effectivensss amd the time constum
of the cavity. Section V presents messurement methods and
comparisoms of measared and theoretical values of SE. €},
and the time constant. Secthon V1 conclusions and
recommendations for further work. A bonger repost [6] thaet
includes Further details of the mathemancs and MeasuremenLs
is available from ihe authors.

1L Cayimy QUALITY FaCTOR
The & of a cavity is o key quantity in caboulating both SE
of the sumounding shield and the Bme constant of the cavity.
Wi cominder an chectrically large {maltimode) cavity as shown
im Fig. 1, In genernl, the cavity will have aperures and will
contain losxy objects and o least one receiving antemna. The
definition for §f it

O wwilll, [Py {1}

where w is the excitation {angular) frequency, [, is the sicady-
stale energy n the cavity, and Fy is the dissipsted power.
In oiar application, the cavity is excited by an exterior fiekd
incident om aperures, but the ) theory does nol dépend on
the excilation method, Thas this theory ks also applicable bo
reverbemiicn chambers excited by aniennas.

We can winle the steady-staie encrgy [, as the product of
ihe energy density IV times the cavity volume V¥

U, = WV, (2

In (2} we smsume that W is eniform throgghout the cavity
volwme, and this mniformuty bes been shown for the average
encrgy density in reverbemtion chambers [4]. In reverberation
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chamber measurements, an ensemnble average i obtained by
rotsting & mode stirmer, and im our theory we deal with
ensemble averages thai could represent averages over different
cavily shapes. [t b5 wsefud to write W in serms of the ms
ehectric ficld E

W = g B (k]

whene (g is the permittivity of free space ond we have stsamed
the stored electric and magnetic encrpics are equal. E¥ shoulkd
also be interpreted as an ensemble average. It is also ueful o
write an capression for the power density 5. within the cavity

5, =Em=cW (4}

where my = (pofea)/?, = 1f{poea)’®, and g is the mag-
netic permeability of free space. 5. should also be inlerpreted
= mn ensemble average.

The dissipated power can by writhen &5 the sam of four ferms

Py= Py 4+ Pas + P+ Pui {5y

where Fuy is the power dissipated |6 the cavity walls, Py
is the power absorbed in loading objects within the cavity,
Fan is the power lost through sperure leakage, and Py, is
the power dissipated in he loads of receiving anteanas. The
foems of (1) and (3) suggest that we wrile an expression for
the imverse af Q

@ =" +Q3' + Q5 + Q7 &)
where
Q1 =l P @ = U P, @5 = ol [ P

Qe = wllof P, {7}

The smalbest of Oy, O, . and Gy will be the dominasmt
contribeior o {, We now cosskder the individual koss mech-
anizmas,

A, Wall Losses

For highly conducting walls the wall koas can be determined
hers, ihe wall boss hos been determimed both by averaging
awed the individual cavity modes [T] and by aversging plane-
wave ksses over all incidence angles and polarizations [5]
The lasicr approach iz conststent with our ensemble avemge
iheory. In either case, the resuli for Q) is

a¥
Q| Lod zﬂr-gﬁ

[E}
§m (T upere )2, iy = pfitn

and where 5 is the cavity surface area, & is the skin depth, ji,
is the wall permesbility, and & is the wall conductivity.

Complications, sach as vanstions i wall conductivity and
permeability with position, could also be weated wsing the
skin depth approximation, bat the skin depth woald then be 2
fanction of position. Wall coatings, such as paist, could also
be included, but we would still lunop all wall losses into ).

B. Absorption

in gencral. the sbeorption cross sectiom o, of a Jossy
object depends on the incidence angle and polarization of the
incident plane wave [B]. Since we assume that the fickds in an
electrically large cavity can be writien a8 8 superposition of
plane waves of all incidence angles and polafizations [9]. the
absorbed power can be wrinen as the product of the cavity
power densiry 5. and the avernged absorplson cross gection
CA

Fa = S0} %)

where | | indicates an incidence angle avemge owver dm,
sieradizns snd an overage over all palafzatione.

The absorption cross section fn (%) can be that of o sisgle
ohject or a summation for a sumber of sbsorbers, Por example,
for A absorhers (o) im (%) would be replaced by

M
(oal = 3 (oai) (10)

=i

where (7, is the averaged sheorption cross section of the ith
absorber, For the example of an sircraft, the i summation in
{10} could represent absorption by people, seals, waring, elc.
For the simple case of & uniform sphere, the abscaplion &ross
section is independent of the incidence angle and polarization
of the incident fleld and s averaging is roqaired. The ctoss-
section foemulation for a uniform sphere is given & [5] and
|81,
If we wse (23, (), (Th, and (%), we can denive the follwing
cxphesiion for Oy
L
Ao

Qs (mn
where A is the wavelength, The frequency de-
peadence of Q3 cam be fakly complicated because of the
frequency dependence of {m,). (Sec [B] for the frequency
dependence af the absorption cross section of 3 homogeneoat
sphere. |

C. Aperture Leakage

In penheral, the tramsmizison cross socthon oy of an apenmure
depenids on the incidence angle ard polasization of the incidenl
plane wave [10]. We again assume that the fickds can be writen
as a superposithon of plane waves of all mcidence angled
and palamizations, but caly the plane waves thal propagale
toward the aperures contribute (o the Eansmifted power.
Consequently, we introdecs a factor ol 102 im the product
eapression for the leakspe power

Far = 8o} /2 (1
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where | } repiescnts an incidence angle average over I,
steradians (inchuding only plame waves from the cavigy side)
and an average over polarization,

The wansmyisslon cross section kn (12) can be thal of a single
aperture or o sammstion for @ number of apertures. For &
mpertares, (o) in (12} would b2 replaced by

(o =3 fow) (3

=l

whene (o) is the averaged tramsmission cross section of the
ith aperure, For the example of an aircrafl, the N summation
ifi (13} coubd represent leaknge through windows and other
apertures of different shapes and sipes. Specifhc expresibons
fof iransimassion cross seclsons ore given in Section 111,

I e e (2}, (45, (T, mnd (130, we can derive the following
capression for st

i ir ¥
Al

For elecirically lage apertures, (o) is independent of fre-
goency, and Gy B proporicnal 1o fequency. For small or
wwm,ﬂlﬂw&m&ﬂai;m
complicated.

2 (14)

i Receiving Amlemna

The power Py dissipaled in the load of the receiving
asdenna can be wrilten as the prodisct of the cavity power
density @nd the averaged effective arca of the receiving anlenna

Fay = S.{d:) (15

where the effective area A, is also averged over incidence
angle and polarization, The avermge cffective area (AL} ol a
bosiless mntenna can be writien as ihe product of the effective
area of an isoiropic sntenna (A7 /4), the impedance mismarch
factor m, and & polarization mismalch factor of 172 [11],
[12]

mi?
(As) = =

Ly

(e} im (06) doss mot depend on lbc anlenna  paitern
becasse B iz avermged over all possible incidence amghes
and polafieations [9]. The impedance mismatch factor m
i equal o 1 for a maiched load amd &5 less than |
intherwise.

I we use (2}, (4], (T (15} and (P6), we can derive the
following expression for

67?1
mi?
If there is mone than one receiving anenna in the cavity, tben
1A) I (155 ks replaced by a siem of averaged effective ansas,
For a maicked lc-d.limnl:l,q.lsmiumﬂmﬁw
cubed. This means that ©, & small for kew frequencies and
is the dominant comtributor 1o the toial ¢ in (63, The effen
of antenna loading on the §f of reverberaton chambers has

Qu= Ty

been observed experimentally [13]. At high lrequencies, Oy
becomes large and contribaies little 8o the total &)

I, APERTURE EXCTTATHON
Emi{h'qwmmwdm&miry 5, incelent on
e shdeld spermanes as shown in Fig. 1. IF the (ool transmission
crosa section of the aperiures s oy, the power Py transmated
inde the cavity is

Fr = @ 5. (18)

(0 eourse, power will also leak out through the aperbares,
bt we lump that cffect under keakoge loss Py o discussed
in Section 11-C.) For the geseral case of N apertures, o can
be whitien as a sam

N
o= ou (%

where oy i the ransmassion cnoss sectsoa of the ith apemure.
in gencral, oy and oy depend on the frequency, incidence
angle, and polarization of the incident feld.

I the shielded cavity is illuminaied in 8 reverheration
chamber (random dlemination), then the ransmilood powes
can be writien

Py = (o) 8.2 {20

The facior 152 in (300 resulis from shadowing of the inci-
dent Beld by the electrically lage enclosare and is a good
approximation for conves shields. The remaining average | ) is
ower 2w, steradians snd polasizstion. The aversge value of the
transmmission cross soction far Y aperurcs is obtsined directly
fram (19

il
{o) = % lmul- an
e

The resalis in (300 snd (215 could 210 be used i applications
where the incidence angle and polarization are unkeown,

A Apertures of Arbitrary Shape

Consider a plane wave incident on an aperiure in & perfectly
conducting sheet as shown in Fig. 2, For convendence, we drop
e subnscript o that identifies the ath apemuse kn the shickd,
Aperture theory has heen developed primanily for apertures
in flal, perfectly conducting screens of infinite extent and zero
thickness | 10). Here we assume that the shicld is locally planas
anil that the shield thickness is small, Aperture theory can be
subdivided into thiee cases whenn the aperture dimensbons are
either small. comparsble, or large compared s the wavelength.

For elecirically large apeniuses, ihe peomctncal optics ap-
proximaticn yields

ap = A cos i (22

where A is the aperture area and & |3 the incident clevation
angle. This oy is independend of frogeency, polandation,
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Fag. 1 Dnwewnad field incidem on en spermare of abirary thape

i

Fg 1. Ememnal Sl incidesr on o ciroaler spemue of radius o,

and arsmuth of the incident Beld. For this case, the average
tramsmission cross seciion can be wrinen

1 -3 :
[-rril-lﬁf #'j:' 40 Acos @ sin®' = AJ2  (23)

where we restrict #' 1o anghs less than = /2 bocsuse the ficld
is incident from only one side of the screen,

For elecirically amall apertures, polasieshility theary etates
that the transmitied Gelds are those of indoced eleciric and
magsetic dipole momests [10], [14], This theory wicids a
transemission cross soclon thal i proportonal o freguency
ki the fousth power

oy = O [24)

where ' depends on imcideni sngle and polarization and
apenure ire and shape, but is independent of frequency. The
wavenamber & = w/e. The specific form of © for a circalar
aperture will be given in the following secticn,

Im the posonance reglon, Use apertire dimensions are cosm-
parabhe 80 o wavelength, and ibe frequency dependence of o
depends oo the aperiume shape. Momerical metbods [180] can
be used io compute &, for such cases, but we will Bol pursue
such methods bere,

8. Circular Aperiune

The circular sperture is of particular inserest becsuse it has
an amalytical sofution amd it is easy 0 work with cxperi-
menially. The geometry for o circulsr spermure of madies o
is shown im Fig. 3. An exsct solution for the transmiission
cocfficient s available in lerms of spheradal functions [15].
biit we choose (o constrsct 8 simpler solution in terms of the
simple approximaetbons that are available for electrically larpe
and small circular apertures,

For elecirically lasge circular spertupes, the pooenerical
aptics approximations in (X1) and (23) yield the following

expresibond Ffor the traensmission cross section and the averaged
iransmisshon cross section

o= wad eos @ and {m) = xa’/2, [P

Faor electrically small circular apertures, polarizabdliy theory
[10] can be wsed o determine the effective clectric and
section, The details &re given in Appendix 1. The iransmission
cross seciion depends on the pelarization and the elevation an-
ghe of the incident field. For the electric field polarized parallel
to the incidencs plane (defined by the incident wave vecior and
the nomal to the aperiure), we wrile the mnsmisison cross
SECHON A8 oy gy

L I . aq
O pag = EHH.‘1+:MIF B {26}
For perpendicular polarizatson, we write Lhe transmdssion cross
BeCtion 88 &y peip

P — %k‘n" ol 27

Both oy pay a0 @ pory, have the &* dependence given by (24},
and they are equal for mormal mcldence (8° = 0], 'We sssame
that an imcident madom ficld will have equal power densitics
in the parallel and perpendicelar waves, Thus the averaged
trEnTmiskicm cross section cam be wrillen

=2
=y [ (ot op)ind' 2
[ ]

where we have used the Fact that the iransmission cross
sections are Independent of the incident aximuth angle 11 we
substitute (36) and (27) into (28} and carry out the integmation
over &', we obain

fory) = Ek'u‘. (29}

We do not have o simple expression fior the Irensmassion
cross section that is valid jn the resonance region. bt the
girculsr apermure does not have strong resonances [16], Thus
we chioe o covid the entire frequency mage by using only
the clectrically small and electrically lange approximations,

The crmaover wavenumber k, where we swiich from (39)
o (25) for ihe average trensmission cross sections i$ given by
equating (25) and (29)
xa®f2 = ko, (0
The solution 1o (3} is
den o (G fA2) 2 1,200 (31}

This iechaigue i mot valid for long, narmow apertures, which
typecally have strong resonances.
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IV, Power BaLascs

A, Shdelding Effectivencsr

Consider again the geometry in Fig. |, where an incident
wave is encident on a shielded cavity with apertures. We
wish 10 delermine the power density 5, inside the cavity.
For sesdy-state conditions, we require that the power &
transmified through the spertanes. is equal 1o the power Py
dissipated in the four loss mechanksms consldensd in Section
1]

Fi=Fy. (32}

I we substipuoe {13, (20, (4D, and { I8) into (321, we can sodve
for the power density S in the cavity
T A

5= nﬁu.ﬁ' (%3]

Simce we have swsumed thal the power demsity 5, 18 uniform
throughot the cavity, we can define shielding cffectiveness in
terma of the ratho of the incldent and cavity power densities

Ty
5E = 100og,, (5:/5,) lﬂh“‘{'w
The resulis in (33) and (34) are consistent with & recend
treatrment of a relaled problem | 17]. We have defined SE o be n
positive number when the caviny power demsity i less than the
incident power dessity. Ohar definition of SE in (M) depends
on the cavity volume and @ in additbon w the transmission
Crons sechion .

The resubts in (33) and (34) spply to 2 single inciden
plane wave where o depends on the incideni directhon and
in & reverberation chamber), we nesd 1o replace &, im (13) asd
(M) by one-halll the averaged valoe (o) /2.

The O enhancement of the cavity power density is cleas
in (33} and (34), and we can soe thel 8 lossy cavity (law-
) has & greater shiclding efMoctiveness than a high-£F cavity,
The imponance of boss is seen if we consider the special case
lhﬂr:irm‘]lﬁlilknﬂm{!‘ﬂwﬁﬂnlh.-ﬂ}m
fow leakage, In this case O is given by

Q=0a= :;-r:l

If we substibsie {35} into (33}, we obiskn

]d& ()

{25}

Ty

L -_E'---—-
T’ B}
For the case of uniformily mndom excitation, the transmision
cross section is replaced by one half the sveraged cross section,
Hewrgver, the averaged transmission cross seciben s equal o
Ll"ﬂ'ﬂ’ leakage cross section ((oy) = (oy)), and (36)

(51

8. =5, o SE = 0dB. (37}

Thus the leakage koss equals the transmined power, and the
cavity has zero shiclding. This result is independen of the
aperture Size and shape. Physically, this case corresponds 1o an

aperiard (but otherwise bossless) cavity insids a reverberation
chamber. 'We expect actaal aircrafl cavithes 1o have significant
loss and Fairly low &,

& Thae Connamns

Up to this poist we have consldered only wsicady-staie,

single-frequency excitation. Sinoe radar pulses are important in
aircraft applications, we also need 1o comsbder transient ¢ffects.

In gencral, this is a complex problem that is best handled
using Fourier integral techniques. However. we can analyzc
the special case of & tumed-on or fumed-off siousoid in &
simpler manmner,

We consider first the case of feld decay when the sowree
{the incident power demsity) is instantaneoasly tumed off, By
equating the change in the cavity energy [ 10 the negative of
the dissipaied power tmes a time ncrement df, we obinin the
differential equation

dif = = Fydl, (ELT]
WWe can use (1) io replace Fy in (38)

QU = (i)t —fr—f- dt (39

where the ome cosstant + = Q. The initisl condition ks
= U; st f = 0, The solution of (3% with this imtal
condition ks

U=0etr, a0, {0y

The closely relaied case of a tumed-m (Sep-modulated)
imcident power density invalves the same exponential fusction
and time comstent

U=l -e""), i>0 41y

The cavity energy density and power deasity also follow the
(400 and (41) agree with [3]. If a rlar pulse dusation is long
compared o T, then the cavity fiehds will reach their steady-
state valoe. However, il the pulse length is shon compared o
T, e fiekds will nod resch thedr steady-stale values before the
imcident pales ks mamed off. Some common radars and their
pulse characieristics are described in |6].

A high-(} (lomg-r) cavity might have poor steady-state SE.
tamt would require a long time for the cavity ficlds 10 reach
their steady-state values. Physically, a high Q (leng v) means
ikt waves make many boinees within the cavity before they
decay.

C. Sowrce Inride Conviry

e can use the power balance theory of Section TV-A o
analyse the case of an isiermal source, a tranumilting anienns
locsted within the cavity. This coafiguration s of intevest
im calculsiing elther the power density within am aircraft
caused by unimiestbonal emitiers or the power density within
a peverbevation chamber with loading.

If o CW source within the cavily transmits power Fj, then
(32} wiill bolds, boi Py now represents anicoma transmitted
power ralher than aperture ransmilted power. As with apenure



e
I
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exciation, there s oo need o calcuilate the fickls scatiened by
the cavity walls, Using (1), (), (4), and (32), we can solve
for the power density 5, within the cavity
F

a,-%. (42)
Equagion (42) applies to cavithes with general loading be-
caigse £} nelodes all of the boss mechanisms discusied in
Zection 11, inclsding any power absorbed by the receiving and
Eranimilting antenm,

Ifoni receiving amenna i3 placed within
the cavity, then the received power Fl it the product of the
effective area A% /Ex, and the power density 5, as discussed in
Section 01-0. Using (42), we obtain the following expression
for the received power:

Mg
F*WWFT. H’j]
If we solve (43) for ), them we soe thal the cavity & can be
determined from & measurement of the power mitio P/

167V P,
Q= ™ B

Equation {44) is commonly used for measaring the Q@ of
reverberaon chambers [18]).

f4:8)

V., COMPARBONS RTTH MEASUREMENTS

We constructed & rectangular cavity (which we call ibe FAA
cavity) ol the geometry shown in Fig. 4 for measurements o
valaslae the theoretical model. The cavity dimensions are £ =
175 m, w = 0620 m, gnd & = 0,514 m, and ihe wall malerial
is mn abumisuen alloy. The wall conductivity measured ot NIST
[6] was .83 x10* 5/m, and we used that value in all of the
calculstions o follow, We ussd a rowsting stivrer 10 generate
stativtienl dats, and we ussd average values for comparison
with the theory,

To Inirochuce sbsorpticn loss in the cavity, we used spherical
glass contminers of sah waler. The sall conceniration was
sclecied 1o be ihst of sca waler so that we could use the
electrical propenbes of sall waler given by Saxton and Lane
Hﬂmﬂmw“ﬁ:ﬁhhﬂnﬂ:n[hm
oy, and the frequency dependent properties are discussed in
Appendiz 1L

I
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Fig. 5 Calkculuisd asd messesed ) for e FAA civily with & cioule

of rlias 1.4 em ind Oeee iall-waier spheres of mdiss &8 om L.

, mned Q4 e caloplaied from wall las, sbuocpiion, sad anitsns reotplion
@Y from spertere beakage o off scale,

In Figs. 5=7, we show compansons of calealaed asd
measurcd values of b, the tme constant, and SE for the
FAA cavity with o circular aperfure of mdies 1.5 cm asd
three salt-wuter spheres of radius 6.6 cm, We used broadband,
douhle-ridged homa for the transmizsion end receiving homs
for mexsurements from | 1o |8 GHz. The calculations nan
fram 0.5 1o 18 OHz. Fig. 5 shows the calculated @ and the
iy components due to the various loss mechanisms described
in Sectiom [L To make up for the extra surfsce area of the
stirrer, the antennas, and cables, we have added E0% to the
wall sirface area in the caboulations. Also, we have mubtrasisd
20% from ihe wvolame [(fueh) of the empty cavity o socount
for volume that is taken ap by the aniemnas, lodsy spheres,
stirrer, and cables, (This adjestment was also made in the
calculsied values in Figs. 6-10.) The measured Ghm - Loss
was determined from the power rtio as given by (44, The
measured Gm ¢ TC was determined from the time constant
relationship {} = wr, a5 discussed in Secteon IY-B. The ieme-
constan methed of measuring O b less sensitive (o koss in the
transmitting and receiving antennas and agrees more closely
witth the calculated value. The loss-ratio method of measuring
@ is sensitive i0 snknown losses in the tramsmilting and
feceiving antennas and peacrally glves O walues well below
ihe calculated vakoes [4]. [13].

Fig. & shows a comparison of measured and calculmed
time comstants. The time conilanl meaioremesl wad mads
by measuring the decay time ol the recelved pulse when the
cavity was excited with & L pulse of RF. The reccived
wivelorm was averaged over stirmer posithon, and the details
of the measurement method are given in [6).

Fig. 7 shows a comparison of caloulated SE with SE
messured in o reverbation chamber. The FAA caviy was
placed in the NIST revesberstion chamber (4], and the incident
power density I the reverberstion chamber was monitored
with another broadband hom. [n this messurement, only one of
the antennas inside the FAA cavily wis needed for neceplion,
and the other antenss was left inside the cavity, bat ot wsed.
Tor check for ficld unaformity, we confirmed that either anienna
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could be used a8 the recelving antenms with no change in the
5E resulis. The agreement with theory is qualitatively good,
st the messared SE valoes are higher above 5 GHz. This ks
comsistent with the resall that the measured Q) is bower than
ihe calculated value in Fig. 4.

To schicve befter agreement berwoon measuncments asd
tseary, we did another scf of measurements from 12 o 18
GHz with standerd-gain bom antennas, These antennas are
more efficient than the broadband homs, and their smaller size
alkywed us to position them farber from the cavity walls. We
also shoncned the cables and removed ithe glass containers and
theory and messurements are shown in Figs. 810, In these
cascs we applied the same 105 surface area increase, but only
a 5% volume decrease to the calculations.

The J walues in Fig. 8 are much higher withour the hossy
spheres, and the agreement between theory and measure-
ments i beiter. The time-constani method 56l gives betier
agreement, but both methods give sccepinble agreemeni. The
time-constand agrement in Fig. 9 and the S5E agreement in
Fig. 10 are also improved. The improved sgrocment with the
wmalier, lower loss, standard-gain homs indicabes thai they
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pme of mdius 14 em

might be mseful in providing improved agreemend with theory
in revesberation chamber applications [4].

Ve also did & comparison of theory with SE measurements
made at the Maval Surface Warfare Center (MSWC). The
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NEWC cavity is made of the same alumizum alloy s has the
folkowing dimensions: £ = 1213 m, w = 0603 m, and h =
0.937 m. The comparisons between theory and mersurements
for two different aperure eadli, 0 = 194 and 351 cm,
mmmﬁ;n-mmm;m.ﬂ.
single receiving anienna (broadband hom or a long wine for
frequencics below | GHEL The theory s not valid below
400 MHz where the cavity is mot electrically large. but the
agremend ks generally good over the entife frequeny range.

Wi ComoLusion

We have presented & theory hased om power balance for
aptmure excitation of clectrically lamge, bosiy cavities, The
theory yields expressions for shickding effectivenesa, cavity O,
amd cavity time conatanl, bul does mol give the fine stnocture
of the felds (standing waves, eie.) within ke cavity. The
advaniage of the (beory i that it doss not reguire the detailed
peometry of the cavity, absorbers, and spertarcs, bat oaly
requires & few definkng parametens (cavity valume and surface
aed absorpteon cross section of objects within the cavity).

The iheory actaally yields ensemble averages for quantities
ol interest (SE, G1, and ), and the ensemble can be considered
b pepresent different cavity peometries. Experimentally, the
eascmble average is obtzined by use of a mode stirrer witkin
the cavity, and ihai is how the experimentsl data for SE, 0,
ard v wene obtained in Section V. The agreement of the theory
with the bwosdband cxpesimental dala was good, but a great
deal of effont was reqaired to account for additional losscs
that lowered messured ) amd « and incressed measured SE.
The theory amd messurements all () and © have application 1o
improved chamcienzatbon of everberation chambers [4], [20]
where the bosses have been difficuli o calcwlate,

A pumber of other extensions would be usefal. Measare-
mems for cavities with muliiple aperiures would provide
adliticnal checks for the theory and would more nearly model
Eypical mircraft geometries. For modeling abroralt wisdows,
the effects of window glass (amd possibly costings) shoild ke
encluded in fistwre caloulations, A fifth loss mechaniam, wabes
vapor ahsorption, could be added io the & theory, This Joss

haz been observed n reverberaiion chamber measaremenis
above 18 GHz [20] Measrements with plane-wave excilabon
im an anechoic chamber wouald provide additional checkos for
the angular and polarization features of the apemure theory,
Also, measurements on an actual aireraflt would be useful in
determining whether additional features nood 0 be added 10
the model,

Further experimental and theoretical studies of the statistical
propertics of fickds in lagge cavithes moed b0 be perfommed,
Such studies would be wseful in extending the presenl theory
b0 include probability density and disiribution functions [21]
in addition o avernge valves. Some theoretical work on the
atatistical properties of fiebds in cavities [22], [23] has been
done, bul 8 more complete siatistical electromagnetic theory
is meeded.

AFFENDIX |
TRANSMITHON CROSE SECTION OF A SMALL
CIRCULAKR APERTURE

Comsider a small circolar aperture (ka £ 1) in a planar
sheet as shown in Fig. 3. The ransmited fledds can be written
ns the ficlds of & mngential magnetic dipole moment pe., and
a mnormal clectric dipole moment p, thal can be wrinen as
the product of an aperiure polarizability Gmes the approprisic
incident fiedd [9], [14]

P = O H5S, wnd g, = g, BT (Al)

where HJ;, is the tngential magnetic fickd af the cemter of the
shom-circuiled aperture and 7" is the normal eleceric feld a1
the center of the shori-circuiled aperiure. The magnetic and
electric polarizabilities, o, and o, , are given by [9]. [14)

O = 407 (3 and @, = 2a?f3. (AZ)

The dipole moments mdiate in the presence of the ground
plare (50 their images are included), and the total transmitted
power (radiated into one half-space) s [24]

Po= 2B (Bl + ) (A3)

'We consider the cases of parallz] and perpendiculsr polariza-

ticns separaicly, For paratlel polarization, the shom-cincaied
fickds are

HY%, =28, sd EF = }E;sin# {Ad)

where ibe incidest felds can be related io the incident power
density S, by

5 = nl] and 5; = E} fua. LAT)
From (A1 ={A5), we can wrile the ranumission onoss section
for paralle]l polarization s

Trpar = Fif 5 = %E“u‘{l * in'n’r]- (A5

which 5 the result needed in Sectica 111-B,
For perpendicular polarization, the shost-clrcuited flelds are

HE, = 2H,coul® and E= =0. (AT)
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Froen (A1}-{A3}. {AS). and (AT) we can wrile the transmis-
908 crodd section (or perpendicular polarizstion x

Of panp = %‘;t‘u’ casd §* (AR)

whilch i4 the other resilt peeded in Section [11L.B.

APPENINX 11
ELECTRICAL PROPERTIES OF SALT WATER

‘The electrical propenbes of sall water have been investigated
by Saxton and Lane [19] s & fonction of frequency, sall con-
centration, and temperature, The relative complen dickestnc
constant ¢ can be approsimated by a combination of Debye
relacation aed de comductivity

fq — L}

T Adol [:H:

where i« i the sngular frequeency and oy is the permicivity
of free space. The remaining parameters that characierize
salt water srec static dielectric constast ¢,. Bigh-frequeency
diclectric constand <5, diclectric relaxation time £, and do
conductivity o,

The real pant of the relative dielectric constant varies from
£, i1 bow frequencies io e, at high frequencies. The imaginary
part consists of twi lerms that represent conduction loss and
ils maximum af w = 1ff. To represeni sea waler ai poom
temperatere (HOC), we seheet the folbowang values for the
paramneters [1B]: g; = 7000, 3 = 4.9, &, =92 x 10717 5, and
a = 40 Sim, The resalis from (A% usimg ibese paramelers
are conslsiend with more recent investigations of elecirolytic
solations [25].

[ra = apJutty

1+ w2 ] i
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REVERBERATION CHAMBER
THEORY/EXPERIMENT SHORT COURSE

March 30-April 3, 2009
OKLAHOMA STATE UNIVERSITY
Location: OSU-Stillwater, OK
Time: 8.00AM to 5.00PM
Fee: $2500 if registered before February 27, 2009
$2750 if registered after February 27, 2009
4.0 CEUs/40 PDHs
http://rc-course.okstate.edu

Host
The course is hosted by the School of Electrical and Computer Engineering of Oklahoma State University. Technical and equip-
ment support is provided by the Naval Surface Warfare Center, Dahlgren Division (NSWCDD), Dahlgren, VA.

About the Course

Several standards including MIL-STD-461E, RTCA DO 160D, IEC 61000-21, and SAE J551/J113 permit the use of reverberation
chambers for EMC certification testing. This course is designed for engineers and technicians who will be involved in radiated emis-
sion or immunity testing of commercial or military systems using reverberation chambers. The course will also be valuable to per-
sonnel evaluating the use of reverberation chambers as a complement to or replacement for other types of radiated test facilities.

The theory portion covers the statistical nature of reverberation chamber testing, characterization of the EM test conditions, and the
tradeoff between uncertainty in test results and test time. The experimental portion includes demonstrations, test setups and instru-
mentation, statistical sampling techniques (mechanical tuner operation and frequency sweeps), and chamber characterization and
calibration measurements. While the experimental portion includes reverberation chamber demonstrations it consists primarily of
a series of hands-on experiments conducted in small groups of four to five people. The notes format includes the objective, a descrip-
tion of the experiment, instrumentation, test setup, procedures, and room for specific measurements, analyses, results, and conclu-
sions. The experiments and demonstrations are conducted in the small (2.5 x 4 x 7 feet) OSU reverberation chamber and an ETS-
Lindgren SMART 80 chamber. The small chamber, constructed in-house by OSU students for less than $1000, indicates the flex-
ibility of the reverberation chamber concept. The small chamber can be used for radiated immunity and emission testing above 1
GHz in accordance with several standards. The chamber demonstrates the statistical equivalence of the electromagnetic environ-
ment in all conductive cavities independent of size and construction materials. Participants will have a thorough understanding of
the operation of a reverberation chamber for EMC testing. They will have developed a test plan for an immunity test with speci-
fied conditions and objectives. They will also have a permanent record of data collected and analyzed, and an extensive set of notes.

Contact
Dr. Charles E. Bunting. Email: reverb@okstate.edu
Dr. Gus Freyer. Email: gfreyer@earthlink.net

45





