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Abstract—With the proliferation of small electric devices in re-
cent years, along with various other applications, there is a grow-
ing need to test and determine the shielding properties or shielding
effectiveness (SE) of physically small (but electrically large) en-
closures or cavities. In this paper, we discuss how a reverberation
chamber technique can be used to measure the SE of such enclo-
sures. The approach consists of placing the small enclosure inside
a reverberation chamber and using frequency stirring to excite the
reverberation chamber. A small surface probe (i.e., a monopole)
is mounted on the inside wall of the small enclosure to measure
the power level inside the small enclosure. We present measured
data from various other reverberation chamber approaches ob-
tained from various enclosure configurations. The data from these
other reverberation chamber approaches are used to validate the
proposed approach. We also compared measured data to theoret-
ical calculations of the SE for two small enclosures with circular
apertures. These various comparisons illustrate that the proposed
technique is a valid approach for determining the SE of physi-
cally small (i.e., cubic enclosure dimensions of the order of 0.1 m
and smaller), but electrically large enclosures (that support several
modes at the lowest frequency of interest).

Index Terms—Circular apertures, reverberation chamber,
shielding effectiveness (SE), small cavities, small enclosure.

I. INTRODUCTION

FOR MANY applications, shielding enclosures are used
to either protect or control immunity and/or emission of

electronic devices. In recent years, we have seen these elec-
tronic devices becoming smaller, and as a result the need for
smaller enclosures (i.e., 0.1 m3 and smaller). There is a need to
develop measurement techniques for determining the shielding
effectiveness (SE) of these small enclosures.

There presently exists an IEEE standard for measuring
the effectiveness of electromagnetic shielding enclosures [1].
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However, this standard is for room-size enclosures, and as such,
the method presented in [1] is not applicable for small-size
enclosures or cavities. As a result, the IEEE 299 standard [1]
on shielding of large enclosures is currently being modified
for these small enclosures. An IEEE 299 Working Group has
been formed to investigate different test methods for obtaining
SE for smaller enclosures. Enclosures of this size basically fall
into two categories: electrically small and electrically large en-
closures (electrically large refers to an enclosure that supports
several modes at the lowest frequency of interest). This working
group will focus on both these categories. However, one of the
first tasks of this working group is to concentrate on the latter
category, i.e., physically small, but electrically large enclosures.
This paper will focus on this latter category and present a tech-
nique for determining the SE of physically small, but electrically
large enclosures.

By electrically large, we mean that the enclosure dimensions
are significantly larger than a free-space wavelength. Experi-
ence has shown that a factor of 2 is sufficient. An equivalent
requirement is that the mode density is sufficiently high. This
point is discussed in more detail in Section VI.

One method for defining the SE of enclosures is the following:

SE = −10log10

(
Pin

Pout

)
(1)

where Pin and Pout are the power levels inside and outside the
enclosure. Measuring the SE of small enclosures poses various
problems. The first problem is associated with the internal res-
onances of the enclosure. This problem occurs when measuring
the SE of any size enclosure, both large and small. Because
of the resonant nature of the fields inside a shielding enclo-
sure, the fields have an internal modal structure, and as a result,
measurement of the fields inside the enclosure is a function of
the location where the measurement is performed. For large
enclosures, two basic approaches are used to overcome this is-
sue. One approach is to sample the field at various locations in
the enclosure, and then take some type of average value of the
power level inside. This is basically the approach taken in [1].
However, this is not practical for “truly” physically small enclo-
sures because moving a probe throughout the volume of a small
enclosure is problematic. The second approach is based on a
nested reverberation chamber technique [2], which is typically
done with mode stirring. However, placing a small probe in the
center of the small enclosure, as is done in [2], poses difficulties.
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Fig. 1. Illustration of the proposed frequency-stirred reverberation chamber
technique.

On the other hand, the use of conventional paddle mode stirring
in a small enclosure would also be problematic, i.e., in most
applications of measuring small enclosures, it may not be pos-
sible to place a small mechanical stirrer inside the enclosures.

In order to overcome these issues, we propose the use of a
frequency-stirred reverberation chamber. In this approach, we
assume that the enclosure is physically small, but electrically
large. A diagram of the proposed approach is shown in Fig. 1.
The basic idea is to place the small enclosure in a reverberation
chamber. This type of configuration is essentially a nested rever-
beration chamber [2]. In this setup, the source is placed in the
large reverberation chamber. The source is then scanned over a
given frequency range. Since some portion of the energy in the
outer chamber will couple into the small enclosure, this causes
frequency stirring in the small enclosure. As a result, all points
in the small enclosure statistically have the same field levels
for the data averaged over some bandwidth of frequencies [3].
Hence, the problem of sampling location is resolved without the
need to have a paddle (or stirrer) in the small enclosure. The
power levels in the small enclosure are monitored by a small
monopole probe placed on one of the small enclosure walls.
Hill [4] has shown that the normal component of the E-field
at the surface of a wall in a well-stirred cavity has the same
statistics as a probe placed anywhere in the cavity. Thus, as long
as the small enclosure is well stirred (through frequency stir-
ring), a small monopole probe placed on the wall will give the
average power level inside the small enclosure. This frequency
stirring in the outer chamber can be done with or without a
conventional mechanical stirring processor in the large outer
reverberation chamber. Use of a combination of both frequency
and mechanical stirring in the large outer chamber will lower
the uncertainties in the measurements.

While others have used monopole probes throughout an en-
closure to monitor the power inside the cavity [5], we suggest
an approach where the probe needs to be mounted to only one
point on the wall. While we first briefly discussed this pro-
posed approach in [6], in this paper, we discuss the details, and
theoretical aspects and rationale for the approach, as well as
present various theoretical and experimental results to validate
the proposed technique. Building on the results in [6], Greco

and Sarto [7] briefly discusse this approach and present some
numerical data.

This paper is organized as follows: after Section I, Section II
presents the theory to justify that measurement of the power den-
sity in an enclosure with a wall-mounted monopole is equivalent
to the power density in the center of the enclosure. Section III
presents various other reverberation chamber approaches for de-
termining the SE of the enclosures. These other approaches are
needed to validate the proposed approach. In Section IV, the
experimental setup used in this paper is discussed. This section
also discusses the impedance mismatch correction needed for
small monopoles. Section V presents experimental and theoret-
ical results to illustrate the validity of the proposed approach.
In this section, we present comparisons to three other reverber-
ation approaches, as well as comparisons to theoretical calcu-
lations of the SE for two different small enclosures with cir-
cular apertures. We also show that the proposed technique is
independent of the probe position (independent of the wall on
which the probe is mounted) and independent of the monopole
length. In Section VI, we briefly discuss a few points that needed
to be addressed when frequency stirring or averaging is used.
Section VII summarizes the research presented here and dis-
cusses future work.

II. POWER DENSITIES FROM WALL-MOUNTED MONOPOLES:
MEASUREMENTS NEAR AND FAR FROM CHAMBER WALLS

In this section, we discuss the rationale for using a wall-
mounted monopole, and show that power in an enclosure can
be measured either in the center of the enclosure or at the wall
of an enclosure. At sufficient distances from the walls, stir-
rer(s), and source(s) in a reverberation chamber, the ensemble
average (over stirrer position or frequency) of the squared mag-
nitude of the electric field is ideally independent of position.
This property of statistical uniformity and other field proper-
ties can be derived from a plane-wave integral representation
with random coefficients with appropriate statistical properties
of the fields [8]. In this analysis, it is assumed that the field
components are Gaussian random variables with zero means.
Statistical uniformity has been verified experimentally with an
array of field probes [9], [10]. In this analysis, we will denote
the mean-square electric field as E2

0 . In this environment, the
average power received by an antenna is independent of position
and orientation, and can be written as [8]

〈Pr 〉 =
1
2

E2
0

η

λ2

4π
(2)

where η is the free-space impedance and λ is the free-space
wavelength. The physical interpretation of (2) is that the aver-
age received power is the product of the average scalar power
density E2

0 /η times the effective area λ2/4π of an isotropic an-
tenna times a polarization mismatch factor of 1/2 [11]. When
necessary, antenna efficiency and impedance mismatch [8], [11]
can also be included in (2). Equation (2) and the following anal-
ysis apply to either the reverberation chamber or the shielded
enclosure that must also be electrically large. In the reverber-
ation chamber, the source is a transmitting antenna, and in the
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Fig. 2. Single planar wall in a reverberation chamber.

shielded enclosure, the source is leakage. However, the source
does not affect the analysis because we are dealing with stirred
fields.

A. Field Behavior Near a Wall

Before proceeding to received power, it is instructive to ana-
lyze the fields that will illuminate the receiving antenna. Fields
in rectangular reverberation chambers have been analyzed for
locations near a single wall (planar interface), two walls (right-
angle bend), or three walls (right-angle corner) [4]. For practical
applications with a monopole probe penetrating a chamber wall,
the normal electric field far from the other chamber walls is of
most interest. Hence, we can treat the case of a single planar
interface shown in Fig. 2. We assume that the wall is perfectly
conducting since we are interested only in the field distribution
and not the wall losses, as in a calculation of chamber Q [12].
This allows us to use exact image theory in calculating the re-
flected fields.

The incident electric field Ei at location r follows the plane-
wave integral form for the total electric field in the free space [8],
except for the integration limits

Ei(r) =
∫∫
2π

F (Ω)exp(iki .r)dΩ (3)

where the solid angle Ω is shorthand for the elevation
and azimuth angles α and β and dΩ = sin α dα dβ. The
exp(−iωt)time dependence is suppressed. The integral over
solid angle 2π steradians in (3) actually represents the follow-
ing double integral:

∫∫
2π

[]dΩ =

π∫
β=0

π∫
α=0

[] sin α dα dβ (4)

The range of β is from 0 to π rather than 0 to 2π because the
incident field includes only plane waves propagating toward the
interface. The incident vector wavenumber ki is

ki = −k(x̂ sinα cos β + ŷ sin α sin β + ẑ cos α) (5)

where the scalar wavenumber k = 2π/λ. The vector angular
spectrum F (Ω) can be written

F (Ω) = α̂Fα (Ω) + β̂Fβ (Ω) (6)

where α̂ and β̂ are unit vectors that are orthogonal both to each
other and to ki . To represent a well-stirred field, Fα and Fβ

are taken to be random variables whose statistical properties are
given in [8].

The derivations of the average values of the square of the
rectangular electric field components 〈|Et

x|2〉, 〈
∣∣Et

y

∣∣2〉, and
〈|Et

z|2〉, where 〈〉 represents the average value obtained by stir-
ring, are given in [4]. Here, we utilize only the results for the
normal components Et

y of the total (incident plus reflected)
electrical field because that is the component that excites a wall-
mounted monopole. The relevant results from [4] is

〈
|Et

y (x, y, z)|2
〉

=
E2

0

3
[1 + ρl(2y)] . (7)

where the longitudinal correlation function ρl is [13]

ρl(2y) =
3

(2ky)2

[
sin(2ky)

2ky
− cos(2ky)

]
. (8)

Equation (8) agrees exactly with Dunn’s result [14]. The result
is independent of x and z. The practical significance of this is that
a wall-mounted monopole antenna can be positioned anywhere
as long as it is not close to another wall.

The limits of (7) are of practical importance. The limit for
large ky is

lim
〈
|Et

y (x, y, z|2
〉

=
E2

0

3
, for ky → ∞. (9)

This is the known result for a uniform, well-stirred field
component far from chamber walls [8]. At the wall boundary
(y = 0), (7) reduces to

〈
|Et

y (x, 0, z)|2
〉

=
2E2

0

3
. (10)

Thus, the mean-square value of the normal component of the
electric field is twice that of the value far from the chamber wall.

B. Received Power by Dipole and Monopole Antennas

The purpose of this section is to show that a wall-mounted
monopole and a dipole distant from chamber walls receive the
same power. The case of a linear dipole antenna has been treated
[15], and we will summarize the results here. The sinusoidal
approximation for the current I(y) when the transmitting dipole
is oriented in the y-direction and centered at y = yc is [16]

I(y) = I0
sin k(H − |y − yc |)

sin kH
(11)

where I0 is the current at the center of the dipole and H is
the half-length of the dipole. Equation (11) is an adequate ap-
proximation for H < λ/2. When the dipole is receiving, the
open-circuit voltage Voc can be determined by the induced EMF
method [16]

Voc = − 1
I0

yc +H∫
yc −H

Ei
y (y′)I(y′) dy′. (12)

Since we assume that the dipole is far from chamber walls,
the incident field Ei

y takes the plane-wave integral form over 4π
steradians [15] rather than 2π steradians, as in (3).
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When the dipole is terminated with a matched load ZL = Z∗
d ,

where Zd is the dipole impedance, the average value of the
received power can be written as

〈Pr 〉 =
〈|Voc |2〉

4Rd
(13)

where Rd = Re(Zd) is the input resistance of the dipole. The
average of the square of the open-circuit voltage can be derived
from (12):

〈|Voc |2〉 =
1
I2
0

yc +H∫
yc −H

yc +H∫
yc −H

〈
Ei

y (y1)Ei∗
y (y2)

〉
I(y1)I(y2) dy1 .

(14)
The longitudinal correlation function can be used to evaluate

the expectation in the integrand in (14) so that (13) can be written
as

〈Pr 〉 =
E2

0

12RdI2
0

yc +H∫
yc −H

yc +H∫
yc −H

ρl(y2 − y1)I(y1)I(y2) dy1 dy2 .

(15)
Because of the form of ρl in (8), the double integral in (15)

is proportional to the input resistance of a linear dipole [15]

yc +H∫
yc −H

yc +H∫
yc −H

ρl(y2 − y1)I(y1)I(y2) dy1 dy2 =
6πI2

0 Rd

k2η
. (16)

The radiation resistance Rd can be expressed in terms of
standard integrals [15], [16]. Substitution of (16) into (15) yields
the same result as (2). This is the expected result since (2) is
valid for general antennas, but it is useful to derive the result
for a linear dipole by the induced electromotive force (EMF)
method because it sets the stage for analysis of the related case
of a wall-mounted monopole antenna.

Consider a y-directed monopole of length H fed at the planar
wall (y = 0) shown in Figs. 2 and 3(a). When the monopole is
transmitting, the sinusoidal current approximation is the same
as that for the isolated dipole in (11), except that yc = 0 and the
current exists only for positive y

I(y) = I0
sin k(H − y)

sin kH
, 0 < y < H. (17)

In a manner similar to (12), we can write the open-circuit
voltage using the induced EMF method [16]

Voc = − 1
I0

H∫
0

Et
y (y′)I(y′) dy′. (18)

The total electric field Et
y in (18) can be written as the sum

of the incident field and its image [4]

Et
y (y′) = Ei

y (y′) + Ei
y (−y′). (19)

When the monopole is terminated with a matched load ZL =
Z∗

m , where Zm is the monopole impedance, the average value
of the received power can be written as

〈Pr 〉 =
〈|Voc |2〉
4Rm

=
〈|Voc |2〉

2Rd
. (20)

Fig. 3. (a) Wall-mounted monopole antenna in a reverberation chamber. (b)
Dipole antenna in the working volume of a reverberation chamber.

The right-hand expression in (20) results from the fact that
the monopole impedance and resistance equal one-half that of
a dipole antenna of length 2H [16]

Zm =
Zd

2
and Rm =

Rd

2
. (21)

The average of the square of the open-circuit voltage can be
derived from (18)

〈|Voc |2〉 =
1
I2
0

H∫
0

H∫
0

〈
Et

y (y1)Et∗
y (y2)

〉
I(y1)I(y2) dy1 dy2 .

(22)
The longitudinal correlation function can be used to evaluate

the expectation in the integrand in (22) so that (20) can be written
as

〈Pr 〉 =
E2

0

12RdI2
0

H∫
0

H∫
0

[ρl(y2 − y1) + ρl(y2 + y1)]

×I(y1)I(y2) dy1 dy2 . (23)

After considerable algebra, the double integral in (23) can be
evaluated, and (23) reduces to the same result for the isolated
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dipole (or any other isolated, matched antenna) as given in (2)

〈Pr 〉 =
1
2

E2
0

η

λ2

4π
. (24)

The result in (24) is important because it shows that a wall-
mounted monopole can be used to monitor the field strength
in the center of the chamber, which is given in (2). Hence, the
receiving antenna configurations in Fig. 3(a) and (b) are equiva-
lent for monitoring the chamber field strength. For a physically
small chamber, the wall-mounted monopole is advantageous.

If we analyze the case of an electrically short monopole
(kH � 1), the previous analysis simplifies significantly.
Equation (17) reduces to

I(y) = I0

(
1 − y

H

)
, 0 < y < H. (25)

Because of the doubling of the mean square of the normal
electric field, as shown in (11), the expected value of the square
of the open-circuit voltage can be written as

〈|Voc |2〉 =
(

H

2

)2 (
2E2

0

3

)
=

H2E2
0

6
. (26)

The H/2 quantity in (26) is the effective length (half the
physical length) of a short monopole. By substituting (26) into
(20), we obtain

〈Pr 〉 =
H2E2

0

12Rd
. (27)

For an electrically short dipole, the radiation resistance is [17]

Rd =
2πηH2

3λ2 . (28)

If we substitute (28) into (27), we again obtain the expected
result for the average received power

〈Pr 〉 =
E2

0

η

λ2

8π
. (29)

A similar analysis has been performed for a short dipole
antenna [8].

From (2), (24), and (29), we see that the received power is
proportional to the mean-square electrical field strength. Hence,
the SEs results to follow are applicable to power, electric field
strength, and also magnetic field strength since the total field
can be represented as an integral of plane waves [8].

If one attempts to use an isolated monopole (for example, the
extended center conductor of a coaxial cable), the effectiveness
is less clear because it is hard to determine where the antenna
starts and the feed ends. (Currents typically are induced on
the shield of the coaxial cable.) Such a configuration is shown
in Fig. 4(a). If a ground plane is included [as in Fig. 4(b)],
then the feed cable is shielded, and the antenna performance
is essentially equivalent to any efficient, well-matched antenna.
These effects were studied in feeding a microstrip transmission-
line radiator [18].

III. OTHER REVERBERATION CHAMBER APPROACHES

In order to illustrate that the proposed frequency stirring ap-
proach correlates well with other reverberation chamber ap-

Fig. 4. Monopole antenna in a reverberation chamber. (a) Without ground
plane. (b) With ground plane.

proaches, we compare results from this approach to three other
reverberation approaches. By comparing to these other three
approaches, we investigate two issues: 1) the utility of the fre-
quency stirring and 2) the effectiveness of a surface-based (or
wall-mounted) measurement of the power level as compared to
a power measurement made in the center of the small cham-
ber. The three other approaches used in this investigation are as
follows.

A. Mode Stirred With a Horn Antenna

In this approach, both the large and small reverberation cham-
bers use conventional paddle mode stirring (i.e., paddles in both
the two chambers are rotated). A horn antenna is used in the
large chamber, and another one is placed in the small chamber
to measure the received power.

B. Mode Stirred With a Monopole Antenna

In this approach, both the large and small reverberation cham-
bers use conventional paddle mode stirring. A horn antenna is
used in the large chamber, and a monopole probe is placed on
one interior wall of the small chamber to measure the received
power.
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Fig. 5. Experimental setup.

C. Frequency Stirring With a Horn Antenna

In this approach, frequency stirring is performed in the larger
chamber. A horn antenna is used in the large chamber, and an-
other one is placed in the small chamber to measure the received
power level.

In this comparison, we have chosen two different small en-
closures that were large enough to make measurements of these
different approaches possible. The first smaller enclosure used
in this study is the National Institute of Standards and Tech-
nology (NIST) small portable reverberation chamber that has
dimensions of 1.49 m × 1.16 m × 1.45 m. This small chamber
was placed in the NIST’s large chamber. The large chamber has
dimensions of 4.60 m × 3.04 m × 2.76 m. Both NIST’s small
and large chambers have paddles that allow conventional pad-
dle mode stirring. The second smaller enclosure used a portable
chamber that has dimensions 0.6 m by 0.7 m by 0.8 m. This
small chamber was placed in the large reverberation chamber
measuring 4.6 m × 3.0 m × 2.2 m at the University of York.
Both University of York’s small and large chambers have pad-
dles that allow conventional paddle mode stirring. By comparing
these three approaches to the proposed approach (i.e., frequency
stirring with a monopole antenna) in the two independent mea-
surement facilities (i.e., at NIST and the University of York),
we investigate whether the approach is valid for measuring the
SE of a physically small, but electrically large enclosure.

We also validate the proposed approach by comparing mea-
sured data to theoretical calculations of the SE for two small
enclosures with circular apertures. The theoretical calculations
are discussed in Section V-B.

IV. EXPERMENT METHOD AND SETUP

The measurement setup is shown in Fig. 5. All measurements
were performed with a multiport vector network analyzer (VNA)
with port 1 connected to a transmitting horn in the outer chamber,
port 2 connected to a receiving horn in the outer chamber, port
3 connected to a receiving horn in the inner chamber (the small
enclosure), and port 4 connected to a monopole antenna in the
inner chamber. The VNA was used as three separate two-port

VNAs with calibrations between ports 1 and 2, 1 and 3, and
1 and 4. With these different S-parameters, the SE as defined
in (1) can be obtained for the different reverberation chamber
approaches, as discussed in Section V-A. A similar setup was
used for the measurements performed at the University of York.

A. Impedance Mismatch Corrections

One has to be careful with antenna impedance mismatch
issues when using small monopole antennas. In typical rever-
beration chamber applications, individuals use antennas that are
well matched over the frequency range of interest. However,
if small monopole antennas are used, then large reflections at
the antenna terminals can occur due to the poor impedance
match of the small monopole antenna to the transmission line
used to deliver power to the antenna terminals. In order to ob-
tain consistent results, the reflections due to mismatch must be
corrected. The correction is explained by noting that the mis-
matches associated with the monopole antenna will result in
measurements of 〈|S41 |2〉 being appreciably lower than mea-
surements of 〈|S31 |2〉, the port when a well-matched antenna is
used. Equivalently, given the same power transmitted through
the antenna on port 1, the power received by the monopole will
be less than the power coupled to a well-matched receiving
antenna on port 3. To correct for this, we applied a mismatch
correction to estimate the power that would have coupled to the
monopole had it been well matched. If the coupling C41 to the
monopole is 〈|S41 |2〉, then the corrected coupling C̃41 is given
as

C̃41 =
〈|S41 |2〉

1 − |S44 |2
(30)

where S44 is the free-space reflection coefficient of the
monopole. We estimated |S44 |2 from our reverberation chamber
measurements as |〈S44〉|2 .

With these measured S-parameters, the SE for the four dif-
ferent reverberation techniques is given by one of the following
two quantities:

SEhorn =
〈|S31 |2〉
〈|S21 |2〉

(31)

SEmonopole =
C̃41

〈|S21 |2〉
(32)

for either the horn or monopole antenna used in the small en-
closure (or chamber).

We could also apply impedance mismatch corrections to the
antenna at port 2 (the antenna used to monitor the power outside
the small enclosure) as well to the horn inside the small enclo-
sure. In general, if we apply corrections to the antennas at ports
2, 3, and 4, the SE can be expressed as one of the following:

SEhorn−horn =
〈|S31 |2〉
〈|S21 |2〉

1 − |〈S22〉|2
1 − |〈S33〉|2

or SEhorn−monopole =
〈|S41 |2〉
〈|S21 |2〉

1 − |〈S22〉|2

1 − |〈S44〉|2
. (33)
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Fig. 6. Illustration of the different apertures used in the two slots for small
enclosures. (a) Open aperture used in the NIST small enclosure. (b) Narrow slot
used in the NIST small enclosure. (c) Circular hole-grid aperture used in the
University of York enclosure.

The second term in these expressions is required for correc-
tion of antenna mismatch issues. Note that, in general, when
the correction due to S33 or S44 is not used, an underesti-
mate of SE results. On the other hand, when the correction
due to S22 is not used, an overestimate of SE results. This
correction term approaches a value of 1 for well-matched an-
tennas. As discussed next, the use of small monopole anten-
nas in the small enclosure requires the correction term in the
denominator. However, since one typically uses well-matched
antenna in the outer reverberation chamber, the numerator is
approximately 1.

A monopole antenna could also be used in the outer rever-
beration chamber to measure the power levels. This monopole
could either be mounted on the wall of the outer reverbera-
tion chamber or it could be connected to the cable at antenna
port 2 shown in Fig. 5. If the monopole is connected to the
cable at port 2, care is needed to ensure that currents do not
flow on the cable; see discussions at the end of Section II-B.
When a monopole is used in the outer reverberation chamber,
the mismatch correction in the second expression in (33) is
still required. In general, even if the two monopole antennas
are identical (the one on the outer chamber and the one on
the wall on the small enclosure), S22 �= S44 . This is because
the small enclosure can influence the input impedance of the
antenna at port 4, and in turn, cause S44 to be different from
S22 , even though the same monopole antenna is used at both
locations.

A correction for the antenna at port 1 is not required because
it would cancel since SE is a ratio of two S-parameters referred
to port 1. With this stated, it is good practice and highly recom-
mended that a well-matched antenna (for the frequency range
of interest) be used as the source antenna (port 1) in the outer
reverberation chamber.

Fig. 7. SE obtained from the four different reverberation chamber approaches
for the narrow-slot aperture.

V. VALIDATION OF TECHNIQUE

In this section, we present comparisons to three other rever-
beration chamber approaches, as well as comparisons to theo-
retical calculations of the SE for two different small enclosures
with circular apertures.

A. Comparison of Four Reverberation Approaches

NIST’s small chamber has an aperture (square with a side
length of 25.4 cm) in which different panels could be inserted.
Thus, besides comparing the four different approaches, we also
measured different shielding characteristics of the small enclo-
sure. In this study, we performed measurements with two differ-
ent panels in the aperture. The two different apertures used here
are shown in Fig. 6(a) and (b). These two apertures have dif-
ferent shielding properties. Fig. 7 shows the SE for the narrow
slot aperture [see Fig. 6(b)] obtained from all four of the rever-
beration chamber approaches. The results in this figure (as well
as the sequential figure) are labeled as follows. 1) Paddle mode
stirring with the horn antenna in the small enclosure is labeled
as “mode_stirring_horn.” 2) The paddle mode stirring approach
with the monopole antenna in the small enclosure is labeled as
“mode_stirring_monopole.” 3) Frequency stirring with the horn
antenna in the small enclosure is labeled as “freq_stirring_horn.”
4) Frequency stirring with the monopole antenna is labeled as
“freq_stirring_monopole.” The impedance mismatch correction
was used for the monopole SE results. From this comparison, we
see that all four approaches give similar results for the SE of the
small enclosure, approximately 13 dB. Fig. 8 shows the SE for
the open aperture shown in Fig. 4(a). This figure also compares
all four of the reverberation chamber results. Once again, we
see from this figure that all four approaches give approximately
the same value of the SE for the small enclosure for different
enclosure characteristics (i.e., different apertures).

While it is true that the unused antenna loads the chamber,
this loading is negligible when compared to the loading of the
wall losses of the chamber, and will not affect the comparison.
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Fig. 8. SE obtained from the four different reverberation chamber approaches
for the open aperture.

Fig. 9. Comparison of |S41 | obtained for the monopole antenna with and
without the mismatch corrections.

However, for an actual SE test, the chamber configuration should
correspond to the conditions in which it will actually be used.
At that point, all loading and Q effects will automatically be
taken into account. This is, in contrast to, the measurement of
shielding materials in [2], where the SE of material samples in
an aperture were intentionally separated from the effects of the
chamber Q and aperture size.

As discussed earlier, a correction is needed for the monopole
antenna measurements due to the impedance mismatch of the
small monopole. The effect of not using this correction is shown
in Fig. 9. This figure shows |S41 | obtained with and without the
correction. These results were obtained from the frequency stir-
ring approach with the monopole antenna. The data without
the correction show an oscillation as a function of frequency.
This oscillation is associated with the classical resonances seen
in the input impedance of linear antennas. The oscillation is
not present when the correction is applied, and the result-
ing SE correlates well with those SE obtained with the horn
(see Fig. 7).

Fig. 10. SE obtained from the four different reverberation chamber approaches
for the aperture consisting of the grid of holes.

Measurements were also performed at the University of
York’s small enclosure. This small enclosure had a circular
aperture, and the aperture was filled with a panel that had 3
mm holes on a 10 mm grid [see Fig. 6(c)]. Fig. 10 shows the
measured SE from the four different approaches. In these mea-
surements, a monopole was used in the small enclosure, and the
four different approaches correspond to different combinations
of frequency stirring and mechanical stirring (see figure legend).
From this comparison, we see that all four approaches give sim-
ilar results for the SE of the small enclosure. The correlation
of all four approaches presented in Figs. 7, 8, and 10 illustrates
that frequency stirring with a small surface wall-mounted probe
gives approximately the same results as the other reverberation
chamber approaches, and hence, illustrates that the proposed
method is a valid approach for determining SE of small enclo-
sures having different enclosure characteristics.

B. Comparison to Theoretical Calculations

The SE for a small enclosure with a circular aperture placed
in a reverberation chamber can be obtained analytically with
reverberation chamber theory [19] to give

SE = 10 log10

(
4πVe

〈σt〉 λQ

)
(34)

where Ve is the volume of the small enclosure, Q is the to-
tal quality factor of the enclosure, and 〈σt〉 is the averaged
transmission cross section of the aperture. The total quality fac-
tor is given by

Q−1 = Q−1
wall + Q−1

aper + Q−1
antenna (35)

where Qwall is associated with the wall loss, Qaper is associated
with the aperture leakage, and Qantenna is associated with the

Authorized licensed use limited to: NIST Researchers. Downloaded on November 24, 2008 at 14:21 from IEEE Xplore.  Restrictions apply.



778 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 50, NO. 4, NOVEMBER 2008

Fig. 11. Comparison of the theory and measured SE for box 1 (15.2, 25.3, and
43.2 cm) for three different circular apertures. The smooth curves correspond
to the theoretical predictions.

energy dissipated in the antenna, and are given by

Qwall =
3Ve

2µrSδ
Qaper =

4πVe

λ 〈σt〉
Qantenna =

16π2Ve

λ3

(36)
where S is the surface area of the small enclosure, and µr and
δ are the permeability and skin depth of the enclosure walls. In
general, the calculation of the transmission cross section for an
arbitrary aperture is involved [20], [21]. However, the circular
aperture does not have strong resonances, and for a circular
aperture, 〈σt〉 can be approximated by [19]

〈σt〉 =
16
9π

k4a6 , for ka ≤ 1.29

〈σt〉 =
π

2
a2 , for ka > 1.29 (37)

where a is the radius of the circular aperture.
In order to compare the theoretical calculation to the proposed

measurement technique, we constructed two different-size small
enclosures out of aluminum (box 1: 15.2 cm × 25.3 cm × 43.2
cm and box 2: 15.7 cm × 12.7 cm × 22.8 cm). Four circular
holes of different sizes were cut into one side of both of the two
boxes. The radii a of the four circular apertures were 2.55, 1.9,
0.95, and 0.5 cm. By placing copper tape over three of the holes,
the SE for each individual circular aperture could be measured.
In these measurements, the same monopole (with length of 1.3
cm) was used to measure the power both outside and inside of
the small enclosure. Figs. 11 and 12 compare the theoretical
to the measured SE for the two enclosures for three different
apertures. The comparisons illustrate that the results from the
proposed approach correlate well with the theoretical results.
Comparisons for the fourth aperture show similar correlation to
theory. This illustrates that the proposed approach is valid for
determining the SE of a small enclosure.

Fig. 12. Comparison of the theory and measured SE for box 2 (15.7, 12.7, and
22.8 cm) for three different circular apertures. The smooth curves correspond
to the theoretical predictions.

C. Comparison for Different Probe Positions and Probe Sizes

In order for this proposed technique to be useful, the mea-
sured value of SE should be independent of the probe position
(i.e., independent of the wall of the small enclosure to which
the probe is attached). This is true as long as the probe does
not get too close to a corner. If this occurs, the wall-mounted
probe does not measure the same power as that measured by
a probe placed at the center of the enclosure, and as a result,
the accuracy of measured power comes into question. Also, the
measured SE should be independent of the size of the monopole
probe that is used, as long as the probe is calibrated correctly.
This is true only for an electrically short monopole probe. If
the monopole probe becomes electrically large (H ≥ λ), then
calibrations and impedance mismatch correction will become
difficult. In order to show that the technique is independent
of the wall on which the probe is mounted, as well as inde-
pendent of monopole length, measurements were performed in
the NIST chamber for a small enclosure with a probe mounted
on two different walls and with two different monopole probe
lengths (1.3 and 2.5 cm). The small enclosure (15.2, 25.3, and
43.2 cm) had different circular apertures, as discussed earlier.
Fig. 13 compares the measured SEs for different probe sizes and
positions. The two groups of curves in this figure correspond
to different aperture radii. Once again, in these measurements,
the same monopole was used to monitor the power both out-
side and inside the small enclosure. For each aperture size,
there are four different results: two of the results correspond to
the 1.3 cm probe placed on two different walls, and the other
two results correspond to the 2.5 cm probe placed on the same
two walls. For these results, we see that the proposed tech-
nique is nearly independent of the probe location and probe
size.

In order to further illustrate this point, measurements for a
second small enclosure (48 cm × 48 cm × 12 cm rectangular
metal box) were performed in the chamber at the University
of York. The front of the box had a number of rectangular slit
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Fig. 13. Comparison of measured SE for two different probe locations and
two different probe lengths for measurements made in the NIST chamber for a
small enclosure (15.7, 12.7, and 22.8 cm).

Fig. 14. Comparison of the measured SE for four different probe locations for
measurements made in the University of York chamber for a small enclosure
(48, 48, and 12 cm).

apertures. Measurements were performed at four different probe
mounting positions (two mounting locations were on the top and
two locations were on the side of the box). A comparison of the
SE for the four positions is given in Fig. 14. Once again, we
see good correlation for all four of the measurements. There
is some deviation at the low frequency. This deviation is due
to low modal density at the lower frequencies end for the size
enclosure.

In general, the measurement procedure is independent of the
location where the wall-mounted monopole is located. However,
a few guidelines should be followed. If only one of these guide-
lines is not followed, the wall-mounted probe may not measure
the same power as that of a probe placed in the center of the en-
closure, and the accuracy with which power is measured inside

the small enclosure comes into question. As discussed earlier,
the monopole probe should not be placed near a corner of the
enclosure. If possible, avoid locating the monopole probe close
to any aperture. Also, avoid direct illumination of the monopole
probe by an aperture on the wall opposite to that on which the
monopole is mounted.

Uncertainties in reverberation chamber measurements, as dis-
cussed in this section, are discussed in [2], [10], and [22]. In
particular, in [10], it is shown that measurement uncertainties in
reverberation chambers are below 1 dB.

VI. COMMENTS ABOUT FREQUENCY STIRRING

AND FREQUENCY LIMITS

A few issues with frequency stirring (or averaging) require
brief discussion. The one main concern with frequency stirring is
what bandwidth (BW) should be used in the frequency averaging
process. In choosing this bandwidth, two criteria must be met:
1) one based on a minimum BW and 2) the other based on a
maximum BW.

The first criterion is based on a minimum allowable BW.
There must be a significant number of modes in the enclosure
such that we have independent frequency samples for the chosen
averaging bandwidth. The mode density D(f) in the enclosure
is approximately [23], [24]

D(f) ≈ 8πVef
2

c3 (38)

where Ve is the enclosure volume and c is the speed of light; so
the number of modes in a bandwidth NBW is the product of the
mode density times the bandwidth

NBW ≈ 8πVef
2BW

c3 (39)

We need NBW to be much greater than 1 [3]. To achieve this,
BW in (39) must satisfy

BW � c3

8πVef 2 . (40)

This assumes that BW is somewhat greater than the single-
mode bandwidth f/Q, but this is the typical case, since f/Q is
generally small for large Q [25].

The second criterion is based on a maximum allowable BW.
There are two issues that one needs to be careful with when
choosing the maximum BW. The first is associated with the
shielding properties of the small enclosure under test. If the
bandwidth is too large, then resonances in the actual shielding
response of the small enclosure would be smoothed out. The
second issue is associated with the outer reverberation chamber.
If the BW is too large and the Q of the outer reverberation
chamber changes significantly over that BW, then the frequency
averaging approach is not valid. If the test environment (the outer
reverberation chamber) is changing over this BW (changes due
to the change in Q), the samples used for frequency averaging
are not associated with the same conditions (i.e., the samples
are uncorrelated).

Authorized licensed use limited to: NIST Researchers. Downloaded on November 24, 2008 at 14:21 from IEEE Xplore.  Restrictions apply.



780 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 50, NO. 4, NOVEMBER 2008

The proposed approach assumes that the enclosure is electri-
cally large, and as such there is a minimum frequency limit in
this measurement procedure. In order for the frequency stirring
approach to be valid, the enclosure must be able to support at
least 60 modes for a given enclosure size and frequency. Thus,
the minimum frequency at which this procedure can be used for
is a given enclosure size is [23]

fmin = c

(
90
4π

1
Ve

)1/3

(41)

where Ve is the volume of the small enclosure.

VII. CONCLUSION AND DISCUSSION

In this paper, we have presented a reverberation chamber
technique for measuring the SE of physically small, but elec-
trically large enclosures or cavities. The approach consists of
placing the small enclosure inside a large reverberation cham-
ber, and using frequency stirring as a means of averaging in
the reverberation chamber. Frequency stirring eliminates the
need for paddle stirring in the small enclosure. A small sur-
face probe (i.e., a monopole) is mounted on the inside wall
of the small enclosure to measure the power level inside the
small enclosure. This frequency stirring in the outer chamber
can be done with or without a conventional mechanical stir-
ring processor in the large outer reverberation chamber. Us-
ing a combination of both frequency and mechanical stirring
in the large outer chamber will lower the uncertainties in the
measurements.

In order to validate this approach, we presented data from
four different reverberation chamber approaches obtained from
various enclosure configurations (different enclosure sizes and
different aperture characteristics). We have shown that all four
approaches give similar values for the SE of the small enclosure.
We also compared measured data to theoretical calculations of
the SE for two small enclosures having different sizes of cir-
cular apertures. These various comparisons illustrate that fre-
quency stirring with a small surface wall-mounted probe gives
similar results as those from other reverberation chamber ap-
proaches, and correlates very well with the theoretical calcu-
lations. Hence, this illustrates that the proposed technique is
valid for determining the SE of physically small (i.e., enclosures
of the order 0.1 m3 and smaller), but electrically large enclo-
sures (that support several modes, at the lowest frequency of
interest).

This paper has laid out the framework, and presented ex-
perimental and theoretical evidence to support the possibility of
using reverberation chambers for testing SE of small enclosures.
There are various issues that need further research and discus-
sion. For example, what bandwidth should be used in frequency
stirring or averaging; what is the optimal monopole probe length
for a given frequency range; and what type of variations should
one expect for low mode density? These and other related topics
are presently being investigated, and will be the topics of future
publications.
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