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Plane Wave Integral Representation
for Fields in Reverberation Chambers

David A. Hill, Fellow, IEEE

Abstract—A plane wave integral representation is presented
for well-stirred fields in a reverberation chamber. The represen-
tation automatically satisfies Maxwell's equations in a source-free
region and the statistical properties of the fields are introduced
through the angular spectrum, which is taken to be a random
variable. Starting with fairly simple and physically appropriate
assumptions for the angular spectrum, a number of properties
of the electric and magnetic fields and the power received by an
antenna or a test object are derived. Many of these properties
and test object responses are in agreement with other theories or
with measured results. An important result for radiated immunity
testing is that the ensemble (stirring) average of received power is
equal to the average over plane wave incidence and polarization.

Reverberation Chamber

Stirrer

Index Terms—Dipole antenna, electric field, loop antenna,
magnetic field, mode-stirred chamber, radiated immunity, rever-
beration chamber, statistical electromagnetics.

I. INTRODUCTION

EVERBERATION chambers (also called mode-stirred
chambers) are experiencing increased use for radiated
emissions and immunity measurements. They are electrically
large multimoded cavities that use either mechanical stirring
[1], [2] or frequency stirring [3], [4] to create a statistically uni-
form field. Deterministic [5] and statistical [6] mode theories
have been used to analyze reverberation chambers, but they
are not convenient for predicting the response of the reference
antenna or the test object in the chamber environment.
The purpose of this paper is to present a plane-wave, integfal 1. Test volume in a reverberation chamber with mechanical stirring.
representation for the fields that satisfies Maxwell’s equations
and also includes the statistical properties expected for a well- _
stirred field. The statistical nature of the fields is introduce@rivations of the responses of antennas or test objects to the
through the plane wave coefficients that are taken to be randdf@tistical field. Section IV derives probability-density func-
variables with fairly simple statistical properties. Because tfions and further statistical properties of the fields and test
theory uses only propagating plane waves, it is fairly eagbject responses. The specific examples of electric and mag-

to use to calculate the responses of test objects or refereABHC dipole responses are included in Appendixes A and B.

antennas. A less-complete version of this theory has previously
been used to derive the spatial correlation function of the fields
[7], to derive expressions for chamber Q [8], and to predict
the responses of several test objects in reverberation chambeis typical geometry for an immunity measurement in a
[9]-[11]. However, the complete theory has not been publishegverberation chamber is shown in Fig. 1. A transmitting
previously. antenna radiates CW fields and the mechanical stirrer (or
Section Il presents the basic plane wave integral theory amdiltiple stirrers) is rotated to generate a statistically uniform
derivations of important field properties. Section Ill includefield. The test volume can occupy a fairly large portion of the
chamber volume. The theory presented here applies to single-
frequency CW fields that are mechanically stirred; so, it is not
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sufficient to specify certain means and variances. In a typical
reverberation chamber measurement, the statistical ensemble
is generated by rotating the stirrer (or stirrers). In this paper,
() represents an ensemble average over stirrer position. The
o ® starting point for the statistical analysis is to select statistical
properties for the angular spectrum that are representative of

i
: F(Q) a well-stirred field which would be obtained in an electrically
. y large, multimode chamber with a large effective stirrer [2].
S : Appropriate statistical assumptions for such a field are as
PANN | follows:
~ N |
B ' (Fa(Q) = (F3(2)) =0 (5)
(For(Q)Fai(22)) = (Far (€01) F3i (22))
X = <Fa1‘(Ql)Eﬁ7‘(92)>
Fig. 2. One vector componetit((2) of the angular spectrum of the electric = <Fa1‘(Ql)F,8i(Q2)>
field. The wavenumber and the vector component of the angular spectrum — (F ‘(Ql)Fa (92»
are orthogonal. xt o
= (Fai(f1)Fpi(22)) =0 (6)
all real angles [12] (Far (1) Far (Q2)) = (Fai (1) Fai ($2))
= (Far (1) For (22))
B = [| Feerio @ = ({00 Fpi(2))
i =Cpé(1 — Q) (7)

where the solid angl€ is shorthand for the elevation and az
imuth anglesx and 5 andd$2 = sin o dee d3. Theexp (—iwt)
time dependence is suppressed. The vector wavenummiser

whereé is the Dirac delta function an@g is a constant with
units of (V/m)2.

The mathematical reasons for the assumptions (5)—(7) will
o o . . N become clear when the field properties are derived, but the
k=—k(@sinacosfi+gsimasing+zcosa) 2) physical justifications are as follows. Since the angular spec-

wherek = w,/jic is the free-space wavenumberis the free- trum is a result of many rays or bounces with random phases,
space permeability, and is the free-space permittivity. The the mean value ought to be zero, as indicated in (5). Since mul-

angular spectrunﬁ‘(Q) can be written tipath spattering changes the phase and rotates .the polarization
many times, angular spectrum components with orthogonal
ﬁ(g) = GF,(Q) + /}FB(Q) (3) Ppolarizations or quadrature phase ought to be uncorrelated, as

indicated in (6). Since angular spectrum components arriving
where & and 8 are unit vectors that are orthogonal to eacfiom different directions have taken very different multiple
other and tok. Both I, and Fj; are complex and can bescattering paths, they ought to be uncorrelated, as indicated

written in terms of their real and imaginary parts by the delta function on the right side of (7). The coefficient
Cg of the delta function is proportional to the square of the
Fo(Q) = For () + iF,;(Q) and electric field strength as will be shown later. The following
F3(Q) = Fis, (Q) + iF (). (4) useful relationships can be derived from (6) and (7):
The geometry for a plane wave component is shown in Fig. 2{Fa(21)F53(Q22)) =0 8
The electric field in (1) satisfies Maxwell's equations be- (F,(Q)F;(Q22)) = (Fa(Qu)F3(Q)) = 2C6( — Q2)
cause each plane wave component satisfies Maxwell's equa- (9)

tions. For a spherical volume, the representation in (1) can be
shown to be complete because it is equivalent to the rigorophere * denotes complex conjugate.
spherical-wave expansion [13]. For a nonspherical volume,A number of field properties can be derived from (1) and

the plane wave representation can be analytically continugj—(9). Consider, first, the mean value of the electric field
outward from a spherical volume, but the general conditiorqgf;’,*), which can be derived from (1) and (5):

under which the analytic continuation is valid have yet to be
established. In this paper, it is assumed that the volume is (E(F) = // (F‘(Q))eik'f' dQ = 0. (10)
selected so that (1) is valid.

For a statistical field as generated in a reverberation cham- o
ber, the angular spectrum is taken to be a random variafileus, the mean value of the electric field is zero because the
(which depends on stirrer position). For derivation of many efiean value of the angular spectrum is zero. This result is
the important field quantities, the probability-density functioexpected for a well-stirred field, which is the sum of a large
of the angular spectrunﬁ‘(Q) is not required and it is number of multipath rays with random phases.
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The square of the absolute value of the electric field Ehe derivation of the mean-square value follows closely that
important because it is proportional to the electric energyf the electric field and the result is
density [10]. From (1), the square of the absolute value of 2

7 —0

the electric field can be written as a double integral (H@))?) = >
n

// / F() - F (Q)e ik~ kZ)TdQ:L dd2.  Thus, the mean-square magnetic field also exhibits spatial
dx  dw uniformity and the value is related to the mean-square electric
(11) field by the square of the free-space impedance

(18)

The mean value of (11) can be derived by applying (8) and Lo (E@F)?)
(9) to the integrand (H@)?) = T (19)
(|E( E =4Ck // // (g — Qe ik k)7 where #; and #; are arbitrary locations. This free-space
v relationship has been demonstrated experimentally by using
- dQy dQ2s. (12) electric and magnetic field probes [2].

The energy densityy’ can be written [15]
One integration in (12) can be evaluated by using the property . .
of the delta function and the second integration is easily W(#) = § [e|[E@)|* + uH@]. (20)
evaluated to obtain the final result

(B@2) = 40 // 0 = 1670w = B2, (13)

4

The mean value can be obtained from (13), (18), and (20)
(W) =5 [(E® ) + m(HF) )] = eE3.  (21)

Thus, the mean-square value of the electric field is independéhus, the average value of the energy density is also indepen-
of position. This is the field uniformity property of an idealdent of position. Up to this point, the consta, which was
reverberation chamber; it applies to the ensemble averagdréfoduced in (7), is arbitrary. However, the theory in [10] can
the squared electric field and has been verified experimentdly used to relatd’, to reverberation chamber quantities via
with an array of electric-field probes [2], [14]. For conveniencthe mean-energy density in (21). From power conservation,
throughout the remainder of the papéf; is defined in terms the mean energy density can be written [10]
of the mean-square valug3 of the electric field, as indicated
n (13) wm) = 2 @2)
By a similar derivation, the mean-square values of the wV
rectangular components of the electric field can be derivedyhere P, is the power transmitted into the chambéxjs the
2 chamber quality factor, and is the chamber volume. Methods
(IB.1%) = (|B,1*) = (|E.[*) = 70- (14) for calculating or measuring are given in [10]. From (21)
and (22), the following expression fd3 is obtained in terms
This is the isotropy property of an idealized reverberatiogf chamber parameters:
chamber, and it has been verified with three-axis electric-field
probes [2], [14]. B2 QP (23)
The magnetic fieldd can be derived by applying Maxwell’s 07 weV”
curl equation to (1)

The power density or Poynting vectSrcan be written [15]
s 1 zk’r‘ N N sk

From (1), (15), and (24), the mean of the power density can
wheren = /u/e is the free-space impedance. By applyln%e written
(5)—(15), the mean value of the magnetic field is found to b

zero - 1 ) /Z/Z x [B2 x F (Q22)])

== // kx (F))ekTdqa=0.  (16) m A
na B k)T 40y, 4. (25)
The square of the magnitude of the magnetic field can ke expectation in the integrand can be evaluated from vector
written as identities and (8) and (9) as
1 - N
== Ey x F(Q . . om . ES
"2 [/ [/ oy > F(8h) (F(Q) % k2 x F@Q)) = k226 — Q). (26)

ko x F ()] ®:=K)T g0 40, (17)  The right side of (25) can now be evaluated from (26) and the
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sampling property of the delta function 4
.
_ 2 . Y §
Sy = Lo // ey A2 = 0. 7) ?
47n
4w

A physical interpretation of (27) is that each plane wave
carries equal power in a different direction so that the vector _ R R
integration over 4 steradians is zero. This result is importanf'd- 3 Unit vectorss; ands, separated by an angte
because it shows that power density is not the proper quantity

for characterizing field strength in reverberation chambers.An angular correlation functiop(

. : ; 81,82) can be defined as
The mean value of the energy density as given by (21) is an

appropriate positive scalar quantity that could be used. Another (Ey (F)E% (7))
possibility is to define a positive scalar quantitythat has p(81,82) = Slq > 2o/ > (32)
units of power density and is proportional to the mean energy \/<|E51(T 2 (Es2(7)[%)
densit
y ) where the two electric field components are defined as
E
S=c(W)y="2 (28) » "
n Esl(F) =3 - E(’F) and ESQ(F) =39 - E(’F) (33)

where ¢ = 1/,/ne. For lack of a better termS will be

called scalar power density in the rest of this paper. Thagds; ands, are arbitrary unit vectors separated by an angle

quantity could be used to compare with uniform-field plane as shown in Fig. 3. From (14), the denominator of (32)

wave testing, where power density rather than field strengéhfound to equalE3/3. The numerator of (32) is evaluated

is sometimes specified. from (1), (8), and (9) and the result for the angular correlation
To this point, field properties at a point have been consiéi#nction is

ered. Real antennas and test objects have significant spatial

extent and the spatial correlation function of the fields is p(81,82) = 31 - 82 = cos . (34)

important in understanding responses of extended objects in

reverberation chambers [16]. The spatial correlation functigthe same angular correlation function can be derived for

hQS been derived previously [7], bUt_it will be_ reVieWG_(ﬂnagnetic field components. Equation (34) shows that the three
briefly here for completeness. The spatial correlation functiggctangular components of the electric field are uncorrelated

p(71,72) of the electric field can be defined as and this is consistent with the theory of Kostas and Boverie
[20].
o . (E®)-E () - Although the theory in this paper is intended primarily for
p7L,72) = \/ = (29) " gescribing the fields in the test volume where an antenna or test
(BT )ET2)?) object is located, it has also been found to be useful in deriving

an expression for the chambé}. This application requires
where7;, andr; are two arbitrary locations. The numeratothat the average energy density in (21) is valid throughout the
of (29) is the mutual coherence function, which has beetire cavity volumé/ and that the plane wave representation
used to describe wave propagation in random media [17].(1) can be extended to the cavity walls where the appropriate
The denominator of (29) can be evaluated from (13), and tBgundary conditions are applied. The boundary condition can
numerator can be evaluated from (1), (8), and (9) so that the met by using Fresnel reflection coefficients [8] or skin-

final result is [7] depth theory [21]. Both approaches agree with the modal
theory result for chambe® [5] when the wall conductivity
oL sin(k|f, — 7 i
(i1, 7) = (kfr — 7). (30) IS large.
k‘|’!’1 — 7'2|
The identical correlation function has been derived from IIl. ANTENNA OR TEST-OBJECT RESPONSE

cavity-mode theory [6] and radiative transfer theory [18] and consider now a receiving antenna or a test object placed in

has been checked experimentally [16]. The same correlatig test volume. The simplest case of a lossless impedance-
function can be derived for the magnetic field and it alsgaiched antenna will be considered first. The received signal
applies to acoustlc_reverberauon chambers [19]. A co_rrelangan be written as an integral over incidence angle by analogy
lengthl. can be defined as the separation corresponding to thg, kerns’ plane wave scattering-matrix theory [22]. The

first zero in (30) received signal could be a current, a voltage, or a waveguide
mode coefficient, but the general formulation remains the
Kle=n or l.=n/k=)\/2 (31) same. Consider the received signal to be a curfeintduced
in a matched load. For an antenna located at the origin, the
where A is the free-space wavelength. current can be written as a dot product of the angular spectrum
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with a receiving functiorﬁ‘,,(fz) integrated over angle characteristics and is consistent with the reverberation chamber
. . analysis [1] of Corona&t al. The special cases of an electrically
I= // 5.(Q) - F(Q)dQ (35) short dipole (electric field probe) and an electrically small loop
ol (magnetic field probe) are discussed in Appendixes A and B.

where the receiving function can be written in terms of two The precedmg analysis can be exter_1ded o the case of_,a
components real antenna with loss and impedance mismatch by using Tai’'s

. . theory [23]. The effective ared. can be generalized to
S5,.(Q) = @S,. () + BS,5(2). (36)

It is assumed that the antenna receiving function in the

chamber is the same as in free-space. In gengralandS.s  \yhere p is the polarization mismatchy is the impedance
are complex, so the antenna can have arbirtrary polarizatiogfsmatch. and n. is the antenna efficiency. All three
7 a .

S“CE as linear Ior C';Clﬁllar' be sh . quantities—p, m, and n,—are real and can vary between
The mean value of the curreftcan be shown to zero from ;¢4 ang one. The average df over incidence angle and

(5) and (35) polarization can be written [23]

2
AR = D@, 3)

I:// 5,.(Q) - (F()) dQ = 0. 37 A2
(1) () - (F() (37) 1) = Lo, (44)
4x v
The absolute value of the square of the current is importafite average received power is
because it is proportional to received poweér E2
, ; (B} =—"(Ac) (45)
P, —|IPR, = R, // // [5,(Q1) - F(0)] 77
4r dn where E3 /n can again be interpreted as the average scalar
8.(Q) - Fo(Q)] d€y dQ, (38) power density.

o ) ] Test objects can be thought of as lossy impedance-
where the radiation resistanég. of the antenna is also equalpmismatched antennas, so (42) also applies to test objects

to the real part of the matched-load impedance. The meag ong as terminals with linear loads can be identified. This
value of the received power can be determined from (8), (Yheory has been used to predict the responses of an apertured

and (38) coaxial line [9], an apertured rectangular box [10], and a
(P) = (IR, microstrip transmission_line [11] as compared to a referenc_e
E2 R. antenna in a reverberation chamber, and good agreement with
=—°—’// [1Sra(Q22)]7 + | Sra(Q22) 7] d20. measurements has been obtained in each case. Reciprocity
2 A gl can also be applied to this theory to predict the total radiated

(39) power in a reverberation chamber and this has been done

o ) ) successfully for the same microstrip transmission line [11].
The physical interpretation of (39) is that the ensemble average

of received power is equal to an average over incidence angle
(22) and polarizationx and 5 components. o _ _
The integrand of (39) can be related to the effective area of The statistical assumptions for the angular spectrum in

an isotropic antenna?/4x and the antenna directivitip(Q2,) (5)—(7) have been used to derive a number of useful ensemble
by averages in Sections Il and lll. These results have not required

) a knowledge of the particular form of the probability-density
NR[|Sra (22))? + |Sra(Q2)|%] = )\_D(QQ)_ (40) functions. However, such knowledge would be very useful for
4m analysis of measured data, which is always based on some

IV. PROBABILITY DENSITY FUNCTIONS

Substitution of (40) into (39) yields limited number of samples (stirrer positions).
1E2 X2 1 The starting point for deriving electric field probability-
(Pry = 5—04—4— // D(Q2) dS2s. (41) density functions is to write the rectangular components in
T STET terms of their real and imaginary parts
The integral in (41_) is known because the average valub of _ E,=E, +iE,, E,=E, +iEy,
is one. Thus, the final result for the average received power is E.—E.. +iE... (46)
1E2 X2 L _ .
(Pr) = 3 an (42) (The dependence o will be omitted where convenient

because all of the results in this section are independent of
The physical interpretation of (42) is that the average receivgg The mean value of all the real and imaginary parts in (46)
power is the product of the average scalar power densjtyzero as shown in (10)

E32/n times the effective area”/4x of an isotropic antenna

times a polarization mismatch factor of 1/2 [23]. This result (Ezr) = (Ezi) = (Ey) = (Eyi) = (Ep) = (Ezi) = 0.

is independent of the antenna directivity and polarization 47)
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The variance of the real and imaginary parts can be shownSonilar evaluations show that the real and imaginary parts of
equal half the result for the complex components in (14) all three rectangular components are uncorrelated. Since they
9 9 9 2 2 9 are Gaussian, they are also independent [26].
(Bar) =(Ba) = (Eyp) = (By;) = (B2, = (B2) Since the real and imaginary parts of the rectangular com-
_ E_g = 52 (48) ponents of the electric field have been shown to be normally
6 — distributed with zero mean and equal variances and are inde-
The mean and variance of the real and imaginary parts Bgndent, the probability-density functions of various electric
(47) and (48) are all of the information that can be deriveiteld magnitudes or squared magnitudes @ x-square dis-
from the initial statistical assumptions in (5) and (7). Howevetiibutions with the appropriate number of degrees of freedom.
the maximum entropy method [24], [25] can be used tbhe magnitude of any of the electric field components (for
derive the probability-density functions from (47) and (48)gxample,|E.|) is x distributed with two degrees of freedom
For example, consideE,,. The maximum entropy methodand consequently has a Rayleigh distribution [26]
selects the probability-density functiof( £.,-) to maximize B

the entropy given by the integral FUE:]) = ;’" exp [—%} (55)
g

- 202
- E,)1 E,.)| dE,, 49 ) —
/_Oo H(Ear) I [f(Ezr)] (49) The squared magnitude of any of the electric field compo-
subject to the constraints in (47) and (48) and the ust%qnts (for exampleLE..|?) is chi-square distributed with two
probability integral constraint diesgt]rri%i?ioor: f[rzegdom and, consequently, it has an exponential

/_ - F(Eup) dEyr = 1. (50) )

FUBP) = gz om |-

|E’”|1. (56)

2
The maximization of (49) subject to the constraints (47), (48), 20

and (50) is performed by the method of Lagrange multipliefse probability-density functions in (55) and (56) agree with

[25] and the result forf is the normal distribution Kostas and Boverie [20]. They suggest that the exponential
1 E2, distribution in (56) is also applicable to the power received by
F(Eer) = o P 1752 (51 a small linearly polarized antenna, but it will be shown later

. ! . . . that the exponential distribution applies to the power received
where o is defined in (48). The same probablllty-densmb any type of antenna

function also applies to the other real and imaginary partsryg’iota electric field magnitudgE| is x distributed with

of the electric field components. ix d f freed d has the followi bability-
Equations (1), (6), and (7) can be used to show that tﬁgnsi?)?rfiiiti(c)m [gg] O[?G]?n as the following probabilit

real and imaginary parts of the electric field components are

uncorrelated. Only the derivation fo£..,.E.,;) will be shown, . R |E'|2

but the derivations for the other correlations are similar. From f(E) = 5,6 P [—2—2] . (57)

(1)—(4), the real and imaginary parts Bf. can be written 7 7

Epn(7) :// {[cos avcos BFan () — sin BFs.()] The squared magnitude of the total electric field »s
A ’ square distributed with “6of freedom and has the following

o ] probability-density function [26]:
-cos (k- 7) — [cos cvcos BF i () — sin SF ()]

(kA0 52 s = L o, [—ﬂ] 58)
6 2"
E.i(7) z// {[cos cvcos BFo; (1) — sin BF3;(€2)] 160 20
d . _ The dual probability-density functions for the magnetic field
-cos (k- 7) + [cos acos BFor () —sin BFp-(2)]  can be obtained by starting with the variance of the real or
-sin (- 7))} dQ. (53) imaginary parts of one of the magnetic field components, for
example H,.

The average value of the product of (52) and (53) can be

evaluated by using (6) and (7) inside the double integral and 2 - EZ 9
making use of the delta function to evaluate one integration. (Hap) = 62 ~ - (59)
Then the remaining integrand is zero
B2 Then the dual of the results in (55)—(58) can be obtained by
(Bar (P)Eai()) = 1.2 // [cos® az cos? B +sin® fs]  replacingE by H ando by oy,
7r47r Similar techniques can be used to analyze the signal re-
- [cos (Ky - 7) sin (ks - 7) ceived by an antenna. Equation (37) shows that the real and

- - imaginary parts of the curredi. and; have zero mean
— cos (B - #) sin (By - )] dQs = 0, ginary p k

(54) (L) = (L) =o. (60)
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The derivation of (42) can be modified to obtain the varianaariable. Starting with fairly simple and physically appropriate

of the real and imaginary parts of the current assumptions in (5)—(7), a number of properties of the electric
1 E2 )2 and magnetic fields and the power received by an antenna or
(I?) =(I?) = N =43 (61) a test object have been derived. Many of these properties and
AR, n 47 test object responses are in agreement with other theories or

Since only the mean and variance of the real and imaginamth measured results. The most important result for testing is
parts of the current are known, the maximum entropy methdeat the ensemble (stirring) average of received power is equal
is again applicable for determining the probability-densitio the average over plane wave incidence and polarization
function. The result is again the normal distribution for bottP]-[11]. Consequently, the average responses of receiving

1. and I; antennas or test objects are independent of directivity and
1 2 polarization properties. By starting with the same simple

f(I,) =———exp i_—’Qi and assumptions in (5)—(7) and applying the maximum entropy

V2no; 207 method, probability-density functions have been derived for

L) = 1 exp i_ 2 i (62) field quantities and received power. Thegeand y-square
! V2o 202 probability-density functions are consistent with previous re-
. sults [20] obtained from the central-limit theorem.

Equations (6), (7). (35), and (36) can be used to show that"l’he theory in this paper represents an ideal well-stirred
I, and I, are uncorrelated case, but some extensions and improvements are needed. This
(I.I;) = 0. (63) theory applies best to ensemble averages, but most radiated
immunity testing uses peak values rather than average values.

Equations (60)-(63) can be used to show that the currgrdr a given finite number of samples, the probability-density

magnitude|I| is x distributed with two degrees of freedomfunctions in Section IV can be used to predict peak values and

(Rayleigh distribution) this has worked fairly well for modest numbers of samples.
1] 112 However, these theoretical peak values approach infinity as the
J(I|) = —5 exp i—2—2i (64) number of samples approaches infinity. For quantities such as

T 7 received power, this is not physically possible. The plane wave

The current magnitude squared|? is x-square distributed integral representation can probably still be used, but the tails
with two degrees of freedom (exponentia| distribution) of the distribution need some modification to satisfy energy
conservation. Another idealization that requires some further

2y 1 s ttention is the delta function f | lation in (7
F(I1?) = = exp i_—Qi (65) attention is the delta function for angular correlation in (7).
207 207 For real, imperfect stirring, the delta function probably needs

to be replaced by a peaked function with some nonzero width.

From (38), the received powdt. is proportional tal2 4 I?2. . . . . . .
SoP.is ;IS())X-square distri%uteédtwitr?th degrees (;fiiezedorﬁ‘ final point that requires further study IS th? region of validity
and has an exponential probability-density function of the plane wave integral representation in (1). Even though

the expression gives good results when analytically continued
(P = 1 oxp i_ P, i (66) outside a spherical source-free region [8], the validity of this

" 207R, 207R, |’ analytical continued has not been rigorously demonstrated.
Both measurements and theory have a role in resolving all
of these issues.

If the load is not matched, then the radiation resistaligen
(66) is replaced by the load resistanBe and the expression
for o7 is modified from that given in (61). The result in (66)

is in agreement with that of Kostas and Boverie [20], but its APPENDIX A
derivation is more general. It does not rely on the received SHORT ELECTRIC DIPOLE
power being proportional to the field at a point (such as
an electric or magnetic field probe) and is valid for general
extended antennas so long as the linearity relationship in (
holds. The result in (66) has been found to match experimentar
data in reverberation chambers fairly well for a variety of L sinor
antennas (dipoles, horns, and log-periodic dipole arrays). The Spa =

same result is applicable for general test objects as long as they 2R,
are linear and have identifiable terminals with linear loads.

Consider a short electric dipole of effective lengthori-
ted in thez direction, as shown in Fig. 4. The components
and S, of the dipole receiving function are given by

and S,z =0 (A1)

where L is the effective length and?,. is the radiation
resistance. In (A.1)S,. is derived by dividing the induced
V. CONCLUSIONS voltage by twice the radiation resistance for a matched load.
A plane wave integral representation has been presente(A.1) is substituted into (39), the angular integration can be
for well-stirred fields in a reverberation chamber. The regarried out to obtain
resentation automatically satisfies Maxwell’'s equations in a oo
source-free region and the statistical properties are introduced (P = EoL )
through the angular spectrum, which is taken to be a random 12R,

(A.2)
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F(©Q)
Dipole

Fig. 4. Short dipole antenna excited by one vector compofgfit) of the
angular spectrum.

The radiation resistance of a short electric dipole is [15]
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Loop

Area A ~

X

Fig. 5. Small loop antenna excited by one vector compotfe(rfe) of the
angular spectrum.

which is identical to (42) for general antennas and (A.4) for a
short electric dipole. The polarization mismatch factor of 1/2

R, = 27”)7\1232' (A.3) is also clear for a small loop becau$g, = 0.
3
Substitution of (A.3) into (A.2) yields the desired final result REFERENCES
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