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Abstract—This letter finds the relation between different param-
eters that characterize the reverberation chamber as a channel em-
ulator for over-the-air (OTA) testing of wireless devices and com-
ponents. It is shown experimentally for the first time that the coher-
ence bandwidth is proportional to the average mode bandwidth of
the chamber. Both coherence bandwidth and average mode band-
width increase when the chamber is loaded with absorbing objects,
and thereby, the reverberation chamber can be controlled to em-
ulate many different real-life environments. The relationship be-
tween RMS delay spread and coherence bandwidth are found from
the measured channel response and are equal to the theoretical
relation for isotropic multipath environments, being within previ-
ously published fundamental limits.

Index Terms—Coherence bandwidth, delay spread, fading
channel, mode bandwidth.

1. INTRODUCTION

EVERBERATION chambers can be used for measuring
R over-the-air (OTA) performance of small antennas and
wireless devices in multipath environments. The reverberation
chamber is basically a metal cavity that is stirred to emulate a
Rayleigh fading environment [1]. The chamber used in this letter
makes use of platform stirring [2] and polarization stirring [3]
to improve measurement accuracy. The measurements of an-
tenna radiation efficiency, diversity gains, and capacity of mul-
tiple-input—multiple-output (MIMO) systems are explained in
[4]. Reverberation chambers can also be used to measure total
radiated power [5] and total isotropic sensitivity [6] of active
wireless devices. For the sensitivity measurements, the delay
spread and coherence bandwidth of the channels in the chamber
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may affect the results. Therefore, it is of importance to relate
the emulated channels in the chamber to actual channels in dif-
ferent real-life environments. One of the purposes of this letter
is to show to what extent the delay spread and coherence band-
width can be controlled by loading the chamber with absorbing
objects.

When the reverberation chamber is excited at a single fre-
quency, modes resonant at neighboring frequencies will also be
excited due to the finite ()-factor. The () of a resonance is given
by f/Af, where f is the resonance frequency and Af is the
half-power (3-dB) bandwidth [7]. Thus, the mode bandwidth
is defined as the frequency range over which the power in one
excited mode is larger than half the power in the mode when it
is excited at its resonance frequency. The modes are distributed
over frequency. Therefore, it is convenient to use an average
mode bandwidth Af to determine the approximate number
of excited modes by counting modes within A f around the
frequency of operation. This lends itself to using the average
mode bandwidth of the chamber to control the number of
excited modes in the chamber and, thereby, apparently the
number of independent samples and, hence, the measurement
accuracy. This letter will relate the mode bandwidth to the
coherence bandwidth by measurements when the chamber is
loaded to different amounts.

The @-factor of a reverberation chamber was introduced in
[8], and it was used to find an expression for the average power
transfer function in the chambers. This expression becomes
simpler and more easily interpretable when expressed in terms
of average mode bandwidth 6 f = f/Q. This letter will show
that average mode bandwidth holds even more advantages over
Q-factor because it relates in simple ways to the coherence
bandwidth commonly used to characterize real propagation
channels in real-life multipath environments.

Coherence bandwidth is defined as the frequency range over
which the channel is correlated. In real multipath environments,
it is easier to measure RMS delay spreads than coherence band-
widths, which are inversely proportional quantities [9]. There-
fore, RMS delay spread is more frequently used to characterize
real multipath channels; see, e.g., the measured results for some
indoor and outdoor environments in [9]-[13]. In this letter, mea-
sured RSM delay spreads with different loadings of the rever-
beration chamber are presented for comparison with those mea-
sured in real environments.
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II. AVERAGE MODE BANDWIDTH AND COHERENCE
BANDWIDTH IN REVERBERATION CHAMBER

The introduction of average mode bandwidth A f makes it
possible to characterize all the different losses appearing in the
reverberation chamber as additive contributions to A f, i.e.,

Af = Afcon + Afobj + Afap + Afant
Z Cgerad

antennas
Afant =

- (1672f2V) 7
> coa

objects

(27V)

(1a)

A fobj = (1b)

Equation (1a) is the same as (6) in [8], except that it is expressed
in terms of Af = f/Q rather than (). The different contribu-
tions to A f are A f.,,, due to finite wall conductivity, A fo,; due
to absorbing objects, A f,, due to aperture leakage contribution,
and A f.,¢ due to antennas inside the chamber. The detailed for-
mulas for the two dominant contributions A f,,,¢ and A fop; are
given in (1b), being given by [8, Equations (17) and (11)], where
V' is the volume of the chamber, e,,q the radiation efficiencies
of the antennas, and o, the average absorption cross sections of
the lossy objects, properly defined in [8].

Formulas (1a) and (1b) are useful in order to understand how
A f is or can be controlled. In practice, the average mode band-
width A f can be determined by using [8, Equation (44)] after
having evaluated the average power transfer function G}, be-
tween two antennas located inside the chamber. Using [8, Equa-
tion (44)] and Q = f/Af gives

CBeradi Crad2
Af = 0€ra Ta 9
f (167r2f2VGCh) ( )

where the factors e;,41 and e;,q2 have been included in the for-
mula in accordance with the mismatch factor in [8, Equation
(16)]. eraq1 and ey q2 are the total radiation efficiencies of the
two antennas as they will be observed in free-space, including
their mismatch factors.

In reverberation chamber, the frequency response of the
channel is a function of frequency and stirrer position, denoted
as H(f,n). This is the same as the S-parameter So; measured
between the ports of two antennas inside the reverberation
chamber, which by power averaging over stirrer positions be-
comes Gy, in (2). The complex R;(0f) and envelope p¢(9f)
autocorrelation functions (ACFs) of the frequency response of
the channel, as well as the theoretical relation between them
[10], [14], are

E[H*(f,n)- H(f +0f,n)]

Ri(0f) =

E[|H(f,n)?]
pr(0f) = E[A(f7£€Aé(i)t]af’ n)] .
A(f,n) = [H(f,n)| = E[[H(f,n)|]
pr(0f) ~ |Rs (). @

The expectations F[-] in these formulas are, in practice, often
evaluated by integrating the product over a frequency band, but

Analyzer

Fig. 1. Drawing of Bluetest reverberation chamber with two mechanical plate
stirrers, one platform, and three wall antennas (The photograph inset in the upper
left corner shows the head phantom and the location of the three absorber-filled
PVC cylinders of load2 configuration).

then we will not be able to see any possible frequency varia-
tions of the ACFs. Therefore, we have herein chosen to take
the expectation over all the stirrer positions n in the reverber-
ation chamber, each one corresponding to an independent real-
ization of the channel. To gather so many channel realizations
will be very time-consuming when performing measurements
in real-life environments, but in the reverberation chamber, it is
feasible. The coherence bandwidth B. is in this letter defined as
the frequency offset 0 f at which the complex correlation func-
tion is larger than 0.3, i.e., Rf(B.) = 0.5. Although this is the
most common definition, other definitions also exist [10], [11],
[13].

When the reverberation chamber is excited at one frequency,
modes at other frequencies around it will also be excited. In-
tuitively, modes within mode bandwidth are correlated, and the
coherence bandwidth and mode bandwidth should be related. In
order to verify this, the frequency responses of the chamber are
measured using a vector network analyzer, when the chamber
is loaded with different absorbing objects. The chamber used in
this letter is the Bluetest HP reverberation chamber, with a size
of 1.8 m x 1.7 m x 1.2 m (see Fig. 1). The mechanical stirring
is performed by two metal plates that are moved stepwise. The
platform stirring [2] is realized by a stepwise rotating platform
upon which the antenna under test (AUT) is mounted, and po-
larization stirring [3] is achieved by three antennas mounted on
three orthogonal walls. Average mode bandwidth and coherence
bandwidth are calculated, according to (2) and (3), respectively.
They are plotted in Fig. 2, where “empty” corresponds to un-
loaded chamber, “loading1” is a head phantom filled with brain-
equivalent liquid, “loading2” is the head phantom plus three
polyvinyl chloride (PVC) cylinders filled with microwave ab-
sorbers cut in small pieces, and “loading3” is the head phantom
plus six such cylinders. The lossy cylinders were located along
orthogonal corners of the chamber in such a way that they can be
expected to load cavity modes of different polarizations equally
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Fig. 2. Comparison of average mode bandwidths and coherence bandwidths
(B-,0.5; see Section III) for different loadings of the chamber.

as much (TE and TM modes); see the photograph in the upper
left corner of Fig. 1.

During one measurement, the platform is moved to 20 po-
sitions spaced by 18°, and for each platform position, the two
stirrer-plates move simultaneously in a stepwise manner to 10
positions, each distributed evenly along the total distance they
can move. The frequency sweep is done with a frequency step of
1 MHz. In order to improve the clearness of the graph in Fig. 2,
all curves were smoothened over a 20-MHz moving window.
Even after smoothening, both quantities show some irregular
variation with frequency due to their statistical nature. Still, it is
clearly seen that average mode bandwidth and coherence band-
width are almost identical and frequency-invariant. The propor-
tionality between coherence bandwidth and average mode band-
width is important because it provides an easy way to deter-
mine the former via the latter. This proportionality was expected
from previous theoretical publications [16], but this is the first
time that it is verified by experiments. The empty chamber and
chamber with head phantom show some frequency variations
of the two bandwidths. The reason is that, for these two cases,
the contribution to the chamber loading from the antennas are
larger compared to the loading by the absorbing objects and the
average mode bandwidth contribution due to antenna loading
decay with frequency, whereas the average mode bandwidth
contribution due to absorbing objects is almost invariant with
frequency, all according to (1b).

The time-dispersive properties of multipath channels are usu-
ally characterized by their RMS delay spread. This can be com-
puted from [9]

or

Ry PNV PR
Zk P(7) Zk P(71)
P(r) = |h(r)|? (5)

where the received power P(7y,) at time delay 7 is the so-called
power delay spread (PDP), and h(7) is the impulse response ob-
tained from inverse fast Fourier transform (IFFT) of the channel
frequency response h(7m,n) = IFFT{H(f,n)} at each stirrer
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Fig. 3. RMS delay spread in reverberation chamber for the different loadings.

position n. RMS delay spread is calculated by (5) using PDP av-
eraged over all the stirrer positions. Fig. 3 shows that the RMS
delay spread can be reduced by increasing the loading of the
chamber. The maximum RMS delay spread is around 200 ns. In
principle, the Bluetest HP Reverberation Chamber can be used
to emulate multipath channels with RMS delay spread down to
around 20 ns and may be even a bit smaller with more loading.
It is shown in [9] that the average RMS delay spreads is around
70-94 ns for indoor environments, 200-310 ns for suburban en-
vironments, and in the order of 1 us for dense urban environ-
ments. This means that the reverberation chamber can emulate
most channels in indoor environments and part of the channels
in outdoor environments over the mobile radio communication
frequency range.

III. RELATIONSHIP BETWEEN RMS DELAY SPREAD AND
COHERENCE BANDWIDTH IN REVERBERATION CHAMBER

The inversely proportional relation between delay spread o
and coherence bandwidth B. can be expressed as

1

B. = (5o ) (6)
where ~ is a constant that depends on the environment, but
also on how B, is defined. B. can be defined as the half-band-
width (used in the present letter) or the full bandwidth, which
is twice as large, and it can be defined as the bandwidth at
which the complex correlation function has a value of 0.5, i.e.,
R;(B.) = 0.5 (used in the present letter, where the coherence
bandwidth can be specifically denoted as B, o 5 with subscript
0.5 as the threshold), or at which the envelope correlation func-
tion has a value 0.5, i.e., py(Benv) = 0.5. It has been shown
in [14] both by measurements and theory that in reverberation
chamber, x = 27 when the p = 0.5 half-bandwidth defini-
tion for B,y is used. This agrees well with the relationship ob-
tained from the measurements in this letter. Theoretically, we
have the following relation between the two abovementioned
coherence bandwidths B, = v/3B.,.. Measurements have been
done to determine the relationship between RMS delay spread
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TABLE I
COMPARISONS OF DIFFERENT CONSTANTS x RELATING DELAY SPREAD
AND HALF-COHERENCE BANDWIDTHS IN (6) FOR THE
TwO DIFFERENT DEFINITIONS OF THE LATTER

Case Half coherent bandwidth definition
RC = Reverberation Complex ACF Envelope ACF
chamber R,(B,)=05 | p,(B,)=05
Real-life environments [13] 1<x<14 0.6<x<8
Theoretical for RC [14] =2 \/57[ Kx=2r
Measurements in RC [14] K= 2\/5” x =27 with
error less than 5%
Measurements in RC, present =2 \/5” K =27 with
paper error less than 5%
Fundamental limit in [15] k <17.075 K <9.858

and coherence bandwidth in real-life environments; see, e.g.,
[12] and [13]. In [13], their relationship is given as 1/(70,) <
2Bco.5 < 2/o-. The above discussions of ~ values are sum-
marized in Table I, for the two half-bandwidth definitions of
the coherence bandwidth. We see that the relation between co-
herence bandwidths and delay spread measured in reverberation
chamber falls within the range of those determined by real-en-
vironment measurements. Besides, an inequality in [15] puts a
fundamental limit on B o750, > 1/8.694. This corresponds
in our case to a fundamental limit on x, which can be found by
converting B o.75 into B .75 to be

K < 17.075. 7

As expected, the relation between coherence bandwidth and
RMS delay spread obtained in the reverberation chamber also
satisfies the fundamental limitation in (7).

IV. CONCLUSION

We have found experimentally that the average mode band-
width A f is proportional to the coherence bandwidth and is
equal to it if the latter is properly defined. This was already
claimed in [16], but with no experimental support. We have also
shown that by loading the chamber, the channels in the reverber-
ation chamber can be controlled to emulate most of the channels
appearing in indoor environments and part of those appearing
in outdoor quasi-static environments. Finally, the relationship
between RMS delay spread and coherence bandwidth in rever-
beration chamber falls within the range of that determined by
real-environment measurements.
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