
Received July 18, 2018, accepted August 22, 2018, date of publication August 27, 2018, date of current version September 21, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2867228

Reverberation Chambers for Over-the-Air Tests:
An Overview of Two Decades of Research
XIAOMING CHEN 1, (Member, IEEE), JIAZHI TANG1, TENG LI1, SHITAO ZHU 1, YUXIN REN2,
ZHIHUA ZHANG2, AND ANXUE ZHANG1
1School of Electronic and Information Engineering, Xi’an Jiaotong University, Xi’an 710049, China
2Beijing Hwa-Tech Information System Co., Ltd., Beijing 100097, China

Corresponding author: Xiaoming Chen (xiaoming.chen@mail.xjtu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61801366.

ABSTRACT The reverberation chamber (RC) has traditionally been used for electromagnetic compatibility
tests. About two decade ago, it found application in various over-the-air (OTA) tests of antennas and wireless
devices. This paper gives an overview of nearly two decades of research on the RC-based OTA tests, ranging
from antenna measurements and characterizations to OTA tests of both terminals and base stations. Apart
from the advantages of the RC-based OTA tests, some important issues are identified.

INDEX TERMS Antenna measurements, channel characterizations, over-the-air (OTA) tests, reverberation
chamber (RC).

I. INTRODUCTION
The reverberation chamber (RC) is an electrically large cav-
ity, where mechanical mode stirrers are employed to stir
the electromagnetic field in order to create a random-like
multipath environment (see Fig. 1). Due to the complicated
test conditions, RC measurement results are usually studied
from a statistical point of view. Hence it is vital to have a large
number of independent samples to ensure accurate analysis
of the measured data. Quite often a turn-table platform is
used to increase the number of independent samples. For
the same reasons, multiple fixed antennas (with sufficient
separations or orthogonal polarizations) can be used as well.

The RC has traditionally been used for electromagnetic
compatibility (EMC) tests [1]. Over the past two decades,
the RC has found more and more applications in over-the-
air (OTA) tests, such as measurements of antenna efficiency,
reflection coefficient, radiation pattern, diversity gain, and
multiple-input multiple-output (MIMO) capacity of passive
antennas [2]–[23], and error rate, total radiated power (TRP),
total isotropic sensitivity (TIS), and throughput of wireless
devices [24]–[38]. Unlike EMC tests, active OTA tests (using
either base station emulators [24]–[36] or a real base sta-
tion [37], [38]) usually have specific requirements on the
propagation channel (e.g., delay spread, Doppler spread,
K-factor) in the RC. The delay spread (or coherence band-
width) can be readily increased by loading the RC with lossy
objects [39]. The Doppler spread (or coherence bandwidth)
can be controlled by varying the speed of mode stirrers [25].

FIGURE 1. Illustration of an RC with two mode stirrers and one turn-table
platform.

The K-factor can be controlled by loading the RC or rotating
the directive antenna [40]. More sophisticated channels can
be emulated by cascading the RC with a channel emula-
tor [41]–[43]. However, care must be exerted to avoid the key
hole effect [44].

Besides RC, multi-probe anechoic chamber (MPAC) [45]
and radiated two-stage (RTS) [46] methods are another two
popular OTA approaches that have been standardized in 3rd
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generation partnership project (3GPP) and cellular telecom-
munication and Internet association (CTIA) for MIMO-
OTA testing of MIMO terminals. The conventional MPAC
approach can emulate two-dimensional (2D) MIMO channel
in a small test area. Increasing the test area or extending it
to 3D channel emulation will drastically increase the system
cost. The RTS method can emulate 3D channel and has large
test area. Nevertheless, it requires separate measurements of
radiation patterns via a special chip in the device under test
that may not be available in every device. By comparison,
the RC is a cost-effective OTA approach that does not require
separate measurements of radiation patterns and has large test
area. The RC has been standardized in CTIA for OTA tests of
large-form-factor devices [47]. However, a major drawback
of the RC is its limited control of the power angular spectrum
(PAS) of the emulated channel. It is usually regarded that the
PAS in a well-stirred RC is statistically 3D isotropic [48].
Anisotropy can be achieved by partially covering internal
walls of the RC with electromagnetic absorbers [49]–[51].
Nevertheless, to which extend the PAS can be emulated using
this approach requires more investigation. Moreover, extra
caution must be taken in that increasing the loading not
only alters the channel characteristics but also degrades the
measurement uncertainty of the RC [52].

This paper gives an overview of nearly two decades of
research on the RC for OTA tests. State-of-the-art OTA tests
are presented. Some open problems are identified. The rest
of this paper is organized as follows. Section II introduces
various measurements of antenna characteristics. Channel
characterizations that are essential for active OTA tests are
presented in Section III. Section IV describes various OTA
tests of wireless devices for both terminals and base stations.
Section VI concludes this paper.

II. ANTENNA MEASUREMENTS
The RC can be used to measure various free-space antenna
characteristics.

A. MEASUREMENT OF ANTENNA EFFICIENCY
Different methods of measuring antenna efficiency in the
RC exist in the literature. A standard method given by the
international electrotechnical commission (IEC) involves a
reference antenna with known efficiency [1]. For this reason,
this method is referred to as the reference antenna method.
In practice, the reference antenna with known efficiency may
not be always available. As a result, various methods were
proposed to get rid of the reference antenna. A time-reversal
method was proposed in [3]. However, the method is appli-
cable for ultra wideband antennas only. A reflection-based
method was presented in [4]. Yet, the method result in coarse
estimation due to measurement uncertainty in the return loss.
By using two identical antennas under test, the antenna effi-
ciency can be measured by estimating the quality factor of
the RC [5]. Similarly, one-antenna, two-antenna, and three-
antenna methods based on the quality factor measured from
the time and frequency domains and the enhanced back

FIGURE 2. Comparisons of the analytical pdf (2) and the empirical pdf of
estimated antenna efficiency with different number of independent
samples [2].

scattering effect were presented in [6]. The methods proposed
in [6] were referred to collectively as non-reference antenna
methods [7].

1) REFERENCE ANTENNA METHOD
According to the reference antenna method [1], the antenna
efficiency can be measured in an RC by first measuring the
average power transfer function Pref between a reference
antenna (with known antenna efficiency eref) and a fixed
antenna and then measuring the average power transfer func-
tion between the antenna under test (AUT) and the fixed
antenna, PAUT. During the measurements, both the reference
antenna and the AUT should be placed in the RC so that the
loading remains the same. The antenna efficiency of the AUT
is obtained as

êAUT =
P̂AUT
P̂ref/eref

(1)

where êAUT is the measured value (estimate) of the antenna
efficiency eAUT, and P̂AUT and P̂ref are the estimates of PAUT
and Pref, respectively.

Let êAUT = eAUTZ , the probability density function (pdf)
of Z can be derived as [2]

fZ (z) =
0(2N )

(0(N ))2
zN−1

(1+ z)2N
(2)

where 0 is the Gamma function, and N denotes the number
of independent samples, which can be estimated from the
measured samples [53]. Fig. 2 shows the empirical pdf of
simulated êAUT using Monte Carlo simulations against the
theoretical pdf (2).

The mean and variance of êAUT are [2]

E
[
êAUT

]
=

N
N − 1

eAUT,

Var
[
êAUT

]
=

N (2N − 1)
(N − 2)(N − 1)2

e2AUT, (3)
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respectively. As can be seen, (1) is asymptotically unbiased
and that Var

[
êAUT

]
≈

2
N e

2
AUT for large N , which usually

holds in practice. It is noted that the uncertainty analyses (2)
and (3) assume the numbers of independent samples of the
AUT and reference measurements are the same. For more
general case where the numbers of independent samples of
the AUT and reference measurements differ from each other
was treated in [54].

2) NON-REFERENCE ANTENNA METHODS
The quality factor in the frequency domain is given as
QFD = 16π2VP

e1e2λ3
[55], where V is the volume of the RC,

P =
〈
|S21|2

〉
is the average power transfer function, e1 and e2

are the antenna efficiencies of the two antennas, and λ is the
free-space wavelength. The quality factor in the time domain
is QTD = ωτRC , where ω is the angular frequency and τRC is
the decay constant that can be extracted from the power delay
profile of the RC [39]. Let QTD = QFD,

e1e2 =
16π2VP
ωτRCλ3

. (4)

When the two antennas are identical, e1 = e2 = e,
the antenna efficiency is

e =

√
16π2VP
ωτRCλ3

=

√
16π2V

〈
|S11|2

〉
/eb

ωτRCλ3
(5)

where eb =
〈
|S11|2

〉
/
〈
|S21|2

〉
is the enhanced backscatter

coefficient [6].
The enhanced backscatter coefficient was found experi-

mentally as eb = 2 [56] (where intuitive explanations were
given). Substituting eb = 2 to (5), it is found that only one
antenna is needed for the efficiency measurement, resulting
the one-antenna method [6].

However, recently study shows that the enhanced backscat-
ter coefficient varies over frequency and is sensitive to cali-
bration issues, and is not exactly two [57].

To alleviate this problem, we assume e1 = e2 = eb but
eb does not need to be 2. It is easy to show in this case that

eb =
√〈
|S11|2

〉 〈
|S22|2

〉
/
〈
|S21|2

〉
. The antenna efficiencies of

the two antennas are

e1 =

√
16π2V

〈
|S11|2

〉
/eb

ωτRCλ3

e2 =

√
16π2V

〈
|S22|2

〉
/eb

ωτRCλ3
(6)

respectively. Equation (6) is referred to as the two-antenna
method [6]. A modified two-antenna method was proposed
in [8], where the measurement accuracy of low antenna effi-
ciency was improved.

FIGURE 3. Comparisons of measured antenna efficiencies usign the
non-reference antenna methods at different RCs [7].

To further relax the assumption on enhanced backscatter
coefficients, we resort to three antennas such that

e1e2 =
16π2V

〈
|S21|2

〉
ωτRCλ3

e1e3 =
16π2V

〈
|S31|2

〉
ωτRCλ3

e2e3 =
16π2V

〈
|S32|2

〉
ωτRCλ3

. (7)

The antenna efficiencies are

e1 =

√√√√16π2V
〈
|S21|2

〉 〈
|S31|2

〉
ωτRCλ3

〈
|S32|2

〉
e2 =

√√√√16π2V
〈
|S21|2

〉 〈
|S32|2

〉
ωτRCλ3

〈
|S31|2

〉
e3 =

√√√√16π2V
〈
|S31|2

〉 〈
|S32|2

〉
ωτRCλ3

〈
|S21|2

〉 (8)

which is referred to as the three-antenna method [6].
The non-reference antenna methods were applied to effi-

ciency measurements at different RCs. Reasonable agree-
ments were observed (see Fig. 3) [7]. Recently, they have
been applied for efficiency measurements of millimeter-wave
antennas [11].

Unlike the reference antenna method, the distribution of
the measured efficiency of the non-reference methods is
still unknown. Therefore, the uncertainty analyses of the
non-reference antenna methods were done empirically [6].
Nevertheless, as one step toward that direction, the distribu-
tion of the enhanced backscatter coefficient has been derived
in [58].

B. MEASUREMENT OF ANTENNA IMPEDANCE
Use The free-space antenna impedance and reflection coef-
ficient of an antenna can also be measured in the RC. It is
shown that the measured S11 of an antenna at one state of
the mode stirrer in an RC includes two parts: the free-space
part and the stirred part (that is due to the scattering of
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the RC) [13],

S11 = S fs11 + S
RC
11 (9)

where S11 is the total reflection coefficient of the antenna in
the RC, S fs11 is the free space reflection coefficient, and SRC11
is the scattering contribution from the RC. For a well stirred
chamber, SRC11 is a zero-mean complex Gaussian random vari-
able. Thus, the ensemble average of SRC11 over all the stirrer
states

〈
SRC11

〉
should be close to zero.

Since the free space reflection coefficient does not depend
on the stirrer state (and provided that there is enough inde-
pendent stirrer states), the ensemble average of the reflection
coefficient measured in the RC is

〈S11〉 ≈ S fs11. (10)

In reality, the number of independent stirrer states in the RC
is always limited. Thus, (10) is an approximation. In order
to improve the estimation of S fs11, frequency stirring can be
applied [59]. Nevertheless, the frequency stirring bandwidth
must be selected judiciously. Increasing frequency stirring
bandwidth (up to a certain value) will increase the number
of independent samples so that 〈S11〉 becomes closer to S fs11.
Yet, a too large frequency stirring bandwidth will degrade the
frequency resolution and the measurement accuracy.

The free-space reflection coefficient of a standard gain
horn antenna was measured in an RC and in an anechoic
chamber (AC). For a single frequency, 600 samples were
gathered in the RC. The standard deviation (STD) of the
error between the free-space reflection coefficients measured
in the AC and RC was calculated. For this horn antenna
specifically, the optimal frequency stirring bandwidth was
found to be around 100 MHz. (Note that the optimal fre-
quency stirring bandwidth depends on the antenna. For half-
wavelength dipole antenna, the optimal frequency stirring is
about 8 MHz [13].) Once the free-space reflection coefficient
is obtained, the free-space antenna impedance can be readily
determined. Fig. 4 shows the antenna impedance measured in
an RC (with 100-MHz frequency stirring) and that measured
in an AC. Very good agreement is observed.

It may seem redundant to measure the free-space reflection
coefficient (or the free-space antenna impedance) in the RC,
given the fact that it can be readily and accurately measured
in the AC. However, most RC-based OTA tests are preferably
done without the need of an AC. The free-space reflection
coefficient extracted from the RC measurements is used to,
e.g., calibrated out the channel transfer function that should
be independent of antenna mismatches.

C. MEASUREMENT OF RADIATION PATTERN
Due to the strong scattering, it is usually believed that the
RC is not suitable for measuring radiation patterns of anten-
nas. Recently, radiation patterns have been successfully mea-
sured in the RC by using the K -factor [15]–[17] or Doppler
shift [18]. For these kinds of measurements, a directivity
antenna is oriented towards the AUT. The stirred fields are

FIGURE 4. Comparisons of radiation resistances and reactances
measured in RC and AC [14].

averaged out by rotating the stirrer [15]–[17] or filtered in
the Doppler frequency domain (by moving the AUT along
a straight line) [18]. However, the measurement times of
these methods [15]–[18] are much longer than that of an AC
measurement. The time-reversal technique can be used to
measure the radiation pattern in the RC [19], where the RC
needs to be carefully calibrated.

Very recently, Xu et al. [20] proposed a novel method
for radiation pattern measurements, where the radiation pat-
tern of the AUT is decomposed into spherical harmonics,
whose unknown coefficients can be determined from the
self-correlation coefficients (of the radiation pattern and the
rotated version of itself) measured in the RC. The method
relies on stirred components to obtain the self-correlation
coefficients, instead of the unstirred component as [15]–[18].
As a result, the measurement time is significantly reduced.
An example of the radiation pattern measured using the
method [20] is plotted in Fig. 5. As can be seen, the co-
polarized (CP) component of the radiation pattern can be
accurately measured. However, there is noticeable error for
the cross-polarized (XP) component of the radiation pattern.
Finally, it is noted that the method becomes less efficient
for non-directive AUT, where the number of levels of the
spherical harmonic decomposition increases drastically.

In general, the radiation pattern measurement in the RC is
not as accurate as that in the AC, despite the fact that the cost
of an RC is much lower than that of an AC.

D. MEASUREMENT OF MIMO ANTENNAS
For MIMO antennas, apart from the traditional antenna char-
acteristics, antenna correlation, diversity gain, and capacity
are all important parameters. These parameters depend on
not only the antenna characteristics but also the propagation
channel, e.g., PAS and cross polarization discrimination
(XPD) [60]. Nevertheless, due to the random orientation of
themobile handset, polarization balanced isotropic-scattering
environments are usually assumed for characterizations of
mobile antennas, rendering the RC a convenient test envi-
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FIGURE 5. Comparison of measured radiation pattern against its true
value [20].

ronment for measurements of handset MIMO antennas,
e.g., [61].

1) CORRELATION MEASUREMENT
The signal correlation between the mth and nth antenna ports
can be conveniently measured in the RC by following the
definition of cross-correlation

ρmn =
E[vmv∗n]√

E[|vm|2]E[|vn|2]
(11)

where vm is the complex-valued signal received at mth
antenna port. Note that the envelope correlation coeffi-
cient (ECC) (defined as the correlation between the signal
envelopes) is often used instead of the signal correlation (11)
in the antenna design literature. The ECC equals approxi-
mately squared magnitude of the signal correlation [62]. It is
shown that the phases of the signal correlations can have
profound effects on the MIMO performance (especially for
spatial multiplexing) [63]. Moreover, the signal correlation
can be directly incorporated in to the MIMO channel (e.g.,
in correlation-based channel models) [22]. Therefore, with-
out specifications, (antenna) correlations used in the rest of
this work means signal correlations.

The correlation can be calculated based on measured radi-
ation patterns in the AC. Good agreements were observed
between correlations measurements in the RC and AC (see
Fig. 6) [22]. It is worth mentioning that the RC measurement
is about 10 times faster than the AC measurement for a two-
port MIMO antenna. Moreover, the difference of the mea-
surement time increases with increasing number of antenna
ports.

The correlation of MIMO antenna can be calculated from
the free-space S-parameters even more conveniently [64].
However, the original method [64] is limited to loss-
less antennas. The S-parameter based correlation can be
extended to lossy MIMO antenna by taking the antenna
efficiency into account [65] with some uncertainty. The
accuracy of this method was improved in [66] at the cost
of increased complexity. Nevertheless, it is noted that both
methods [65], [66] necessitate antenna efficiencies, whose
measurement time in the AC is much longer than that in
the RC.

FIGURE 6. Comparison of correlations of a wideband two-port antenna
measured in AC and RC [22].

2) MEASUREMENT OF DIVERSITY GAIN
The diversity gain of a multi-port antenna is defined as the
signal-to-noise ratio (SNR) improvement of the multi-port
antenna as compared to a single reference antenna at 1%
cumulative distribution function (CDF) level [67]. It can be
conveniently measured in the RC. The usage of the ref-
erence antenna can be avoided by using the two-antenna
method [23].

The diversity gain is usually determined from the empirical
CDF estimated from the channel samples. The problem is
that, with limited independent channel samples in a practical
RC, there can be high uncertainty at 1% CDF level. To avoid
this problem, a so-called covariance eigenvalue approach was
proposed in [22], where the theoretical CDF (derived by
Lee [68]) was constructed using the eigenvalues of the covari-
ance matrix of the diversity channel. Since the eigenvalues (in
an well-stirred RC) depend only on the antenna efficiencies
and correlations, the high uncertainty can be greatly allevi-
ated. Nevertheless, when the number of independent samples
is sufficiently large, both the covariance eigenvalue approach
and the traditional method give the same result.

Note that the diversity gain depends on the actual diversity
combining scheme. Figure 7 shows the diversity gains of
a two-port ultrawideband antenna using selection combin-
ing (SC), equal gain combining (EGC), and maximum ratio
combining (MRC) measured in an RC [69]. As can be seen,
the MRC offers the highest diversity gain, whereas the SC
results in the lowest diversity gain.

3) MEASUREMENT OF MIMO CAPACITY
Similar to the diversity gain, ergodic MIMO capacities of
multi-port antennas can also be conveniently measured in the
RC by measuring the MIMO channels [22],

C = E
{
log2

[
det

(
I+

γ

Mt
HHH

)]}
(12)
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FIGURE 7. Measured diversity gains using various diversity combining
schemes in an RC [69].

where γ is the SNR, E denotes the expectation, I is the
identity matrix, Mt is the number of transmit antennas,
H is the measured MIMO channel matrix normalized by the
square root of the average power transfer function (measured
by a reference antenna).

For modest MIMO size, the MIMO channel in the RC can
be well approximated by the Kronecker channel model

HKron = R1/2
r HwR

1/2
t (13)

where Rt and Rr are covariance matrices at the transmit

and receive sides, respectively, R1/2
r

(
R1/2
r

)H
= Rr , Hw

is independent and identically distributed (i.i.d.) zero mean
Gaussian matrix. Using the Kronecker model (with measured
antenna efficiencies and correlation in the AC), the capacities
of MIMO antennas can be obtained based on AC measure-
ments. Good agreement was observed between the capacity
measurements in RC and AC [22].

Surprisingly, as the number of antennas increases, the ele-
ments in the MIMO channel are not jointly Gaussian any
more. This holds, in particular, for orthogonally polarized
antennas [70]. Certain effort has been exerted to explain this
phenomenon using the random coupling model [71]. Unfor-
tunately, to date a theoretical explanation of the underlying
mechanism is still missing.

III. CHANNEL CHARACTERIZATIONS
If Channel characterizations are vital for active OTA tests.
In general, the radio channel is a function of angle, time, and
delay h(�r,�t, t , τ ), where t is the time, τ is the (time) delay,
and�r and�t are the (solid) angle of arrival (AoA) and angle
of departure (AoD), respectively [72], [73]. We characterize
the channel in each domain separately in the sequel.

A. FREQUENCY AND DELAY DOMAINS
The Fourier transform of the channel impulse response h(τ )
is the channel transfer function H (f ). Hence, h(τ ) contains
the same information as H (f ) and channel characterizations
in frequency domain and delay domain are inter-related.
The coherence bandwidth Bc is used to evaluate the fre-
quency selectivity of a multipath channel, while the root
mean square (RMS) delay spread στ is used to character-
ize the time dispersiveness of the channel [74]. When the
system bandwidth is much smaller than Bc, the channel is
called frequency-flat. Otherwise, when the system bandwidth
becomes comparable or even larger than Bc, the channel is
referred to as frequency-selective.

FIGURE 8. Comparison of average mode bandwidths and coherence
bandwidths under different RC loadings [39]. (The loading increases from
‘‘loading1’’ to ‘‘loading3’’.)

FIGURE 9. Measured power delay profile (PDP) in an RC under different
loading conditions [77].

The distribution of Bc in the RC was derived in [75].
It was shown that Bc equals approximately the average mode
bandwidth and Bc =

√
3/(2πστ ) in a well-stirred RC [39],

where Bc is defined as half-bandwidth of the (normalized)
autocorrelation function (ACF) of H (f ) with a threshold of
0.5. By increasing the RC loading, the coherence bandwidth
increases (see Fig. 8) and the delay spread decreases (see
Fig. 9). Thus, the RC loading has become a standard method
for tuning the RC for active OTA tests [47]. Nevertheless,
it is found that the actual location of the loading also affects
the delay spread. As a result, a specific RMS delay spread
(or coherence bandwidth) was usually achieved by using try
and error in loading the RC. Fortunately, Dortmans et al. [76]
proposed a method that gives guidelines on RC loading
to obtain specific tuning. According to the method, the
S-parameters of an unloaded RC and that of the RC loaded
with absorbing blocks of a known amount of exposed surface
area are measured sequentially. The amount of absorbing
blocks needed to obtain the desired tuning can be readily

49134 VOLUME 6, 2018



X. Chen et al.: RCs for OTA Tests: Overview of Two Decades of Research

FIGURE 10. Measured Doppler spectra under different mode stirrer
speeds [78].

calculated afterwards. In this way, the RC tuning time can
be reduced significantly.

B. TEMPORAL AND DOPPLER DOMAINS
Similarly, the channel is characterized using coherence time
Tc in the time domain and RMS Doppler spread σD in the
Doppler frequency domain. Tc is inversely proportional to σD.
When the symbol duration is much smaller than Tc, the chan-
nel is called slow fading. Otherwise, when the symbol dura-
tion becomes comparable or even larger than Tc, the channel
is referred to as fast fading. In general, the Doppler spread
increases with increasing carrier frequency and/or moving
speed. The Doppler spread in the RC has been studied empir-
ically in [78] by measuring the time-varying channel using
a channel sounder. The conventional time-domain measure-
ment of the Doppler spread is limited to the carrier fre-
quency and actual stirring speed, at which the time-varying
channel is measured. The Doppler spread at another carrier
frequency or stirring speed needs to be characterized by
another measurement. Karlsson et al. [79] proposed a so-
called stepwise stationary stirring method, where the channel
is measured stepwise at predefined stirring positions. The
time-varying channel is then obtained by transforming the
static channel samples from the spatial domain to the time
domain with a virtual speed in post-processing. The Doppler
spectrum can then be estimated as the Fourier transform of
the ACF of the time-varying channel or the square mag-
nitude of the Fourier transform of the time-varying chan-
nel [79]. Using the stepwise stationary stirring method,
the Doppler spread at any carrier frequency (within the mea-
sured bandwidth) and any stirring speed can be obtained via
prost-processing of a vector network analyzer (VNA) based
measurement.

Anyway, it has been shown that the Doppler spread
increases with increasing mode stirrer speed. As a demon-
stration, Fig. 10 shows the measured Doppler spectra under
different mode stirrer speeds in an RC [78].

FIGURE 11. (a) Loading configuration. (b) PASs with and without
loading [51].

C. SPATIAL AND ANGULAR DOMAINS
To be exact, the Fourier transform of the spatial-domain
channel is the wave vector domain channel. The wave vector
can be expressed as k =

(
k cos θ sinϕ, k cos θ cosϕ

)
, where

k is the scalar wave number, θ and ϕ are the elevation and
azimuth angles, respectively. Thus, the wave vector domain
and angular domain are usually used interchangeably in the
channel sounding literature. That is the angular-domain chan-
nel can be obtained from the spatial-domain channel via
Fourier transform.

By decomposing the electromagnetic modes in the RC into
plane waves, it was shown that the incident waves in the
RC are 3D uniformly distributed [48]. Nevertheless, perfect
mechanical stirring and narrowband channel were implicitly
assumed in [48]. In practice, the statistical isotropy cannot
be perfectly achieved, especially at low operating frequen-
cies [80]. More importantly, as the bandwidth increases (i.e.,
the delay resolution improves), waves arriving at different
delays become separable. That is, the number of incoming
waves at distinguishable delay bin reduces as the bandwidth
increases. Hence, it is expected that the practical RC shows
certain degree of statistical anisotropy, especially for broad-
band communications.

The PAS in the RC has been studied in [49]–[51] and [81].
The PAS in the RC was measured by simply rotating a horn
antenna in [49]. Yet, this method suffers from poor angular
resolution due to the limited aperture of the horn antenna. The
multiple signal classification (MUSIC) algorithmwas used to
estimate the angular spectrum of a small RC loadedwith large
absorbers [50]. However, the MUSIC algorithm dictates that
the number of incident angles should be smaller than the num-
ber of array elements. Thus, the method can be challenging
for large RC with modest loading. By Fourier transforming
the spatial domain samples to the angular domain, it is shown
in [51] that the PAS can be controlled by covering the wall
in the RC with absorbing materials (see Fig. 11). The Fourier
transform of the spatial array elements is equivalent to the
conventional beamformer, whose beamwidth varies with fre-
quency. As a result, the obtained power angle delay profile
becomes less accurate, since the beam of the sounding array
varies with frequency. A promising method for estimating the
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FIGURE 12. Comparison of AIC weights for Rayleigh, Rician, Nakagami,
Bessel K, and Weibull distributions of an unloaded RC [89].

RC’s angular spectrum is the so-called frequency invariant
beamforming (FIB) algorithm [82], [83] by using the antenna
on the turn-table platform [84] as a synthetic circular array.

As mentioned before, a major drawback of the RC for
MIMO-OTA testing is the limited control of PAS in the RC.
The work in [51] was intended to address this important
issue. Yet, to which degree the PAS of the standard MIMO-
OTA channel model, e.g., the spatial channel model extended
(SCME) [85], can be emulated by RC loading deserves
more investigations. Moreover, since loading will inevitably
increase the measurement uncertainty [52], extra cautions
must be taken when loading the RC with absorbers.

D. CHANNEL DISTRIBUTION
Due to the central limit theorem, the channel coefficients
in a well-stirred and overmoded RC follows Gaussian dis-
tribution. Depending on the RC loading or antenna orienta-
tions, the channel magnitude can be Rayleigh or Rician [40],
[86], [87]. When the operating frequency is below or close
to the lowest usable frequency [88] (i.e., the RC is operating
near the undermoded region), the channel coefficients do not
follow Gaussian distribution any more.

The Akaike’s information criterion (AIC) approach was
used to study the channel distribution by comparing the mea-
sured channel in an RC with Rayleigh, Rician, Nakagami,
Bessel K, and Weibull distributions [89]. The AIC weights
represents relative feasibilities of the distribution candidates,
ranging from zero (theworst fit) to one (the best fit). Figure 12
shows the AIC weights of different distribution candidates
as a function of operating frequency in an unloaded RC
(where non-directive antennas were used). The LUF of the
used RC is around 700 MHz. As can be seen, above the
LUF, the channel coefficients follow Rayleigh distribution as

expected. Below the LUF, Bessel K andWeibull distributions
tend to fit the measured channel better, which will become
clearer for loaded RC.

IV. OTA TESTS OF WIRELESS DEVICES
The RC has be used to measure the TRP [28] and TIS [29]
of mobile phones almost fifteen years ago. Since the era of
the long term evolution (LTE), throughput becomes a more
popular performancemetric for LTE terminals [31]. Recently,
there is a strong need for OTA tests of base stations. Relevant
metrics are adjacent channel leakage power ratio (ACLR),
carrier aggregation, etc. In this section, we discuss these
active OTA tests separately.

A. TRP AND TIS
TRP and TIS are fundamental metrics for the emerging
machine-to-machine (M2M) and wireless-internet-of-things
(W-IOT) devices. TRP tests of a large-form-factor M2M
device in an RC has been successfully demonstrated for the
first time in [32], offering strong support for the CTIA stan-
dardization of using RC for OTA tests of large-form-factor
devices [47].

A typical setup of the TRP and TIS measurements is
shown in Fig. 13. As mentioned before, RC loading is often
needed to tune the RC to reach a certain RMS delay spread.
Prior to actual measurements of the device under test (DUT),
a reference antenna is used to measure the average power
transfer function (i.e., reference measurement) in the RC
(similar to that in the reference antenna method of efficiency
measurement in Section II-A-1).

For TRP tests, the communication tester (i.e., base station
emulator) first establish an OTA connection to the DUT and
control it to radiate at its maximum output power, and then
measure the power sample at each mode-stirring state. (It is
noted that, in the early versions of the communication tester,
a power meter or spectrum analyzer was used to gather the
power samples. In this case, the power meter or spectrum
analyzer must be connected via a calibrated power splitter.
Nowadays, the power meter is usually integrated into the
communication tester, eliminating the trouble of having a
separate instrument for TRP measurements.) The TRP is
finally calculated as

TRP =
1
Pref

1
M

M∑
m=1

Pm (14)

whereM is the number of samples, Pm is the power sample at
themth mode-stirring state, andPref is average power transfer
function (including transmission loss, cable loss, mismatch,
etc.) from the reference measurement.

For TIS tests, the communication tester first establish an
OTA connection to the DUT and set it in the loopback mode
for error rate measurement. Increase or decrease the output
power of the communication tester until the lowest output
power for a specified error rate target is found and recorded.
The same procedure is repeated at each mode-stirring state.
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FIGURE 13. Measurement setup of TRP and TIS tests.

The TIS is finally calculated as

TIS = PrefM

(
M∑
m=1

1

P̃m

)−1
(15)

where P̃m is the lowest output power sample of the communi-
cation tester at themth mode-stirring state where the error rate
target is met. Unlike the TRP which is the arithmetic mean of
the samples, the TIS is the harmonic mean of the samples.

Since the standard TIS measurement described above
requires a power search at each of the mode-stirring states,
the TIS measurement can be quite time-consuming. It was
found recently that the TIS of LTE devices can be extracted
from throughputmeasurement that ismuch faster than the TIS
measurement [35].

B. THROUGHPUT
Throughput has been chosen as the standard performance
metric for MIMO-OTA tests. A typical setup of the through-
put measurement is shown in Fig. 14. Typically, the RC
is loaded so that the RMS delay spread equals 80 ns. The
RC is set to the continuous stirring mode. And a reference
measurement is performed a priori. For the actual through-
put measurement, the communication tester first establish an
OTA connection to the DUT and transmit data to it. The DUT
sends back positive acknowledgment (ACK) for correctly
received data block and negative acknowledgement (NACK)
for erroneous data block. The throughput is then calculated
at the communication tester based on the ACKs and NACKs.
This procedure is repeated many times to get an average of
the throughput at each average power level.

The DUT (i.e., a commercial LTE mobile phone) used
in the tests was connected with the good, nominal, and bad
CTIA reference antennas [90]. The CTIA reference antennas
include electromagnetic shielding boxes in which DUT was
placed. The magnitudes of the antenna correlations of the
good, nominal, and bad CTIA reference antennas are about
0.13, 0.57, and 0.90, respectively. The antenna efficiencies
of the good, nominal, and bad CTIA reference antennas are

FIGURE 14. Measurement setup of 2 × 2 MIMO throughput tests.

FIGURE 15. Relative throughputs of 2 × 2 LTE MIMO system. Good,
nominal, and bad denotes the good, nominal, and bad CTIA reference
antennas, respectively. Solid curves represent measurements; dotted
curves represent the throughput models [36].

about−1.4,−3.1, and−4.0 dB, respectively. The throughput
measurements were performed on the LTE band 13, i.e.,
751 MHz, with 10-MHz system bandwidth. The communi-
cation tester was set to a fixed 64 QAM modulation with
maximum rates of about 35 Mbps in the spatial multiplexing
mode. The measurement results are shown in Fig. 15.

In order to double check the measurements and offer
insight into the throughput tests, a throughput model was
first proposed for single-input multiple-output (SIMO) LTE
systems in [31]. Themodel was extended to theMIMO spatial
multiplexing in [36]. For comparison, the simulated through-
puts are also plotted in Fig. 15, where excellent agreements
between measurements and simulations are observed. Very
recently, the throughput model was extended to MPAC and
RTS testing environments [91].

C. ACLR
The ACLR is also known as the adjacent channel power ratio
(ACPR). There is usually an requirement on the maximum
value of ACLR of a base station in order to reduce inter-
ferences to adjacent channels [92]. In practice, the nonlin-
earity of the radio frequency (RF) component, e.g., power
amplifier (PA), causes not only in-band distortion but also
out-of-band (OOB) emission, resulting in an increase of the
ACLR.
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FIGURE 16. OTA testing setup of ACLR.

Traditionally, the ACLR was measured conductively at the
antenna connector. However, it is shown that even modest
mutual coupling (e.g., −15 dB) of the MIMO antenna in
combination of PAs can cause severe OOB emission [93].
Obviously, the conductive measurement of ACLR cannot
capture this phenomenon. Furthermore, in the fifth genera-
tion (5G) communications, massive MIMO and millimeter-
wave (mmWave) techniques will be used. Massive MIMO
base station antenna has hundreds of antenna ports, making
the conductive test a formidable task. Due to cost, limited
physical space, and high insertion loss, it is very likely that
5G mmWave systems will not have standard antenna ports,
which makes conductive tests infeasible. Therefore, in 5G,
OTA tests will not be optional any more [94]. As a result,
OTA testing is needed for ACLR measurements of both 4G
and 5G base stations.

An OTA testing setup of the ACLR has been demonstrated
in the RC [95]. Figure 16 shows the measurement setup.
The communication tester is connected to a mobile phone
and a PA via a power splitter. The mobile phone is located
in a shielding box to avoid interference. Since the signal
output from the communication tester is very linear, the PA is
used to introduce nonlinearity to mimic the real-life scenario.
In addition, a continuous wave is generated from the signal
generator to emulate spurious signal, which is combined with
the output signal from the PA and fed to the antenna port of
the base station antenna. The radiated power samples from
the base station antenna are measured and recorded using the
signal analyzer during continuous stirring (similar to the TRP
test). The power samples are averaged over the bandwidths of
the target and adjacent channels, and the ACLR is calculated
as the ratio of the power in the adjacent channels to the power
in the target channel.

D. CARRIER AGGREGATION
As an important feature of the LTE-advanced (LTE-A), the
aggregation of more frequency carriers, i.e., carrier aggrega-
tion (CA) allowsmore efficient use of the frequency resources
and, therefore, higher throughput. Recently, the first OTA
test of the CA of a real LTE base station was conducted

FIGURE 17. Measurement setup of carrier aggregation [96], where a real
base station (connected to the live LTE mobile operator network) was
tested.

FIGURE 18. Measurement setup of RC in combination of CE.

in an RC [96]. Figure 17 shows the measurement setup.
Two carriers were selected for aggregation: one at 800 MHz
with 10-MHz bandwidth and the other at 1800 MHz with
20-MHz bandwidth. The two carriers were from two dif-
ferent cells. The downlink MIMO transmission was enabled
on both cells, each corresponds to two antenna ports. The
base station was located outside the RC. The antenna ports
of the base station were connected to two dual-port MIMO
antennas in the RC via RF cables. An LTE mobile phone
prototype was used to establish data connection to the
base station. (The laptop was left unused.) The CA per-
formance was measured in terms of throughput, reference
signal received power (RSRP), block error rate (BLER), and
the channel quality indicator (CQI). Measurement results
showed that the CA improves the throughput, RSPR, and
CQI, while keeping a similar BLER as that of the primary cell
(without CA).
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E. RC COMBINED WITH CHANNEL EMULATOR
In order to enhance the flexibility of channel emulations,
the RC can be combined with a channel emulator (CE)
[41]–[43]. Figure 18 shows the measurement setup of the
RC combined with a CE for OTA tests of a 2 × 2 MIMO
system. The two output ports of the communication tester
are connected with two input ports of the CE, which is then
further connected to four fixed antennas in the RC via RF
cables. By programming the CE, more sophisticated channels
with complex power delay profiles and Doppler spectra can
be emulated. (For instance, it is shown that the power delay
profile of the 3GPP channel model [85] can be well emulated
by cascading the RC with an CE [42], [43].) The spatial
characteristics at the base station side is fully controllable by
the CE, whereas the user (DUT) side is statistically isotropic.

It is noted that, four RF cables are used to connect four
output ports from the CE to four fixed antenna in the RC
for OTA testing of a 2 × 2 MIMO system. This is needed
to overcome the key hole (or Double Rayleigh) effect [44],
which causes an unintentional rank reduction of the MIMO
channel in OTA tests. For OTA testing of a high order MIMO
system (e.g., 4×4 or 8×8), more RF cables between the CE
and the RC are needed.

The combination of RC with CE increase the degree of
freedom in channel emulation. However, it also drastically
increases the cost of the RC-based OTA system. Given the
facts that cost effectiveness is one of the biggest advantage
of the standalone RC OTA solution and that the RC plus CE
solution offers limited control of the spatial characteristics at
the DUT side, the standalone RC has been recently chosen
as standardized solution for OTA testing of large-form-factor
devices [47].

F. CHANNEL IMPACTS ON OTA TESTS
As mentioned before, the channel characteristics can have
profound impacts on OTA tests. By loading the RC with con-
densed absorbing materials, the coherence bandwidth (delay
spread) can be increased [39]. To show the coherence band-
width effect on OTA tests, LTE throughput measurements
with different system bandwidths were conducted under dif-
ferent loading conditions [35]. Figure 19 shows the measured
throughputs as a function of average received power. As can
be seen, it is beneficial for the LTE system to operate in amore
frequency-selective channel, provided that the OFDM cyclic
prefix is longer than the delay spread. This is because that, for
a fixed system bandwidth, the number of independent OFDM
subcarriers increases as the coherence bandwidth decreases,
resulting in larger frequency diversity order (i.e., stepper
throughput curve).

The RC loading not only changes the frequency selectiv-
ity of the channel but also alters the angular spectrum (see
Fig. 11), which in turn incurs an impact on the Doppler
spectrum. Figure 20 shows Doppler spectra of an RC with
the same mode-stirring speed yet under different loading
conditions. As can be seen, the Doppler spread reduces with

FIGURE 19. Throughput measurements of an LTE device with system
bandwidths of 20, 15, 10, and 5 MHz and coherence bandwidths of 10, 5,
and 2.5 MHz, respectively.

FIGURE 20. Doppler spectra under different RC loading.

increasing loading. This is because that Doppler spectrum
consists of different Doppler frequency shifts from differ-
ent incident angles (i.e., different relative velocities). As the
loading increases, the number of incident wave decreases,
resulting in a shrinking of the Doppler spread.

To show the Doppler effect on OTA tests, the package
error rate (PER) of IEEE 802.11p nodes was measured in
an RC with different mode-stirring speeds [25]. The corre-
sponding results are shown in Fig. 21. As can be seen, as
the mode-stirring speed increases from speed 1 to speed 3,
the PER performance degrades gradually. This is because
that, as the mode-stirring speed increase, so does the Doppler
spread, which gradually destroys the orthogonality of the
OFDM waveform used in the 802.11p. Moreover, it is more
difficult to estimate the channel accurately as the time-
variation increases and the estimated channel becomes out-
dated more easily due to the time-varying channel, rendering
poor channel equalization and, therefore, poor PER. There-
fore, it has been observed that the error rate performance of
the single-carrier waveform also degrades as the stirrer speed
increases [97].
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FIGURE 21. PERs of 802.11p under different mode-stirring speeds.

As can be seen, the channel may have profound impacts
on OTA tests. Therefore, prior to OTA testing, the channel in
the RC must be tuned carefully to make sure that the DUT is
operating in certain channel conditions and that OTA tests in
different RC labs are comparable.

G. MEASUREMENT UNCERTAINTY OF OTA TESTS
Since the RC measurements are in essence (quasi-)stochastic
measurements, it is important to analyze the measurement
uncertainty of the RC-basedOTA tests and, more importantly,
reduce the measurement uncertainty by carefully configuring
the RC. One can estimate the effective number of independent
samples [98]–[100], which is related to the measurement
uncertainty (i.e., a larger number of independent samples
implies a smaller measurement uncertainty). Convenient as it
is, the number of independent samples offers limited insight
into the mechanisms for measurement uncertainty. By sep-
arating the stirred and unstirred components of the field in
the RC, it was shown that the K-factor represents a residual
error and that the measurement uncertainty can be improved
by minimizing the K-factor (or direct coupling) [52]. Con-
sequently, a K-factor based uncertainty model was proposed
and verified by extensive measurements in [52]. The uncer-
tainty model was further improved and used for significant
tests of TRP measurements [32]. Provided that the K-factor
associated with DUT can be estimated, it is possible to reduce
the measurement uncertainty of the OTA tests [33]. Unfor-
tunately, the K-factor seen by the DUT is often unknown.
In this case, Remley et al. [33] developed a method to
bound the measurement uncertainty. For accurate implemen-
tation of OTA tests, a step-by-step guidance on configuring
and verifying the performance of RC-based OTA tests was
proposed in [34]. The interested readers can refer to [32]–[34]
for detailed study of this topic.

V. CONCLUSION
An overview of nearly two decades of research on RC-based
OTA tests was given in this paper. It was shown that

free-space characteristics of antennas (i.e., efficiencies,
reflection coefficients, and radiation patterns) as well as mul-
tipath characterizations of MIMO antennas (i.e., diversity
gain, MIMO capacity, and multiplexing efficiency) could be
measured in the RC. While most of these parameters can
be conveniently measured in the RC, the measurements of
radiation pattern and reflection coefficients may not be as
good as their counterparts in an AC. Although numerous
approaches have been proposed, how tomeasure the radiation
pattern accurately and efficiently in the RC is still an open
problem to date. Frequency-, temporal-, and spatial-domain
characterizations and their corresponding dualities in the RC
were presented. The frequency-temporal characteristic of the
channel can be readily controlled to some extent in the RC.
More sophisticated channels can be emulated by cascading
a CE to the RC. However, there is still limited control of
the spatial characteristics at the DUT side. Although it has
been experimentally demonstrated that certain amount of
anisotropy can be achieved by covering the wall in the RC
with absorbers, more efforts should be exerted in investigat-
ing to which degree the angular spectrum of the standard
MIMO-OTA channel model can be emulated. More impor-
tantly, extra caution must be taken in loading the RC so that
the measurement uncertainty remains in the acceptable level.
Thus, the controllability of the spatial characteristics in the
RC remains an unsolved problem. Finally, various activeOTA
tests were introduced with a special focus on OTA testing
of 4G and 5G devices. The RC has been proven to be an
efficient tool in measuring the ACLR and CA of base stations.
It was shown that the channel could have profound impacts
on OTA tests. Therefore, the RC must be carefully calibrated
and tuned prior to OTA tests.
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