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Abstract— Over-the-Air methodologies are the potential
solutions for the characterization of next-generation wireless
devices that rely on the emulation of a realistic channel model in a
controlled laboratory environment. A highly attractive concept is
the hybrid chamber, combining properties of anechoic chambers
and reverberation chambers. By altering the mechanical stirrers
of a mm-Wave reverberation chamber, a novel loading condition
to achieve a directive channel for 5G NR FR2 applications is
proposed: a hybrid stirrer. This is done by partly covering the
stirrers with radio-frequency absorbers, as a first step towards
a hybrid chamber. In future generations, this may be used to
intentionally break uniformity in a controlled manner. Moreover,
a more conventional loading configuration is investigated as a
counterpart. A spatial uniformity study based on the chamber’s
power transfer function measurements is carried out for two case
scenarios. It has been shown that the proposed configurations are
capable of altering spatial uniformity, giving 0.52 dB and 1.46 dB
for the conventional and hybrid stirrer method, respectively. Both
result in a frequency-flat channel with the required coherence
bandwidth for the successful demodulation of the signals.

Keywords — 5G NR FR2, mm-Wave, Reverberation Chamber,
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I. INTRODUCTION

The outline for the next generations of communications
predicts a migration towards mm-Waves with larger
bandwidths. To meet the requirements such as extremely high
data rates and ubiquitous coverage as well as low energy
consumption and affordable devices, the wireless systems
will be designed in an integrated fashion exploiting concepts
like Massive Multiple-Input Multiple-Output (mMIMO) and
beamforming where the performance of the system would
depend on the characteristics of the propagation channel
significantly ~ [1]. This gives rise to new challenges in
terms of characterization of these systems since the antenna
terminals are not accessible to perform conducted tests. Thus,
there is a growing demand for measurement setups that are
time-efficient, cost-effective, and accurate [2]. Over-the-Air
(OTA) methodologies are the potential solution for evaluating
the performance of such radio systems in real-life scenarios
where a realistic channel model should be emulated in a
controlled laboratory environment. This would replace the
current time-consuming and hard-to-reproduce drive tests
and facilitate the product development procedure and ensure
the effective operation and optimal performance of wireless
devices under various conditions.

Two common test facilities for performing OTA tests
are Anechoic Chambers (AC) and Reverberation Chambers
(RC). An anechoic chamber is a room covered by radio
absorbing materials to eliminate reflections of electromagnetic
waves within and to emulate free-space conditions with
a Line-Of-Sight (LOS) link. A reverberation chamber is
an electrically large cavity employed with different stirring
mechanisms to achieve a rich scattering environment [3]-[5].
In an ideal reverberation chamber the electromagnetic fields
are expected to be statistically uniform and isotropic and it
mimics a Rich Isotropic MultiPath (RIMP) environment [6].
Given that mm-Wave propagation channels are directional
sparse multipath channels [7] and mm-Wave applications
cover a wide range of use cases [8]-[12], the aforementioned
facilities fall short in terms of channel emulation capabilities
and adapting to distinct scenarios. To address this issue,
attempts are done to develop a hybrid chamber that exhibits
characteristics of both AC and RC. A reverberation chamber is
chosen as the starting point in these studies, and is selectively
loaded with RF absorbers to emulate a directional channel
within [13]-[15]. Nevertheless, the full control of temporal
and angular characteristics of the channel is not accomplished
yet.

To gain more control over the directionality of the
emulated channel, the spatial uniformity of the conventional
reverberation chamber should be broken down in a controlled
manner. In contrast to the previously proposed hybrid
chambers that which large blocks of RF absorbers are
used to load the chamber [13]-[15], two novel loading
configurations are investigated for this aim. In the first
configuration, the RF absorbers are placed on the stirrers to
achieve a tuneable, half-absorbing structure instead of the
commonly used fully-reflective ones. For the second, more
conventional configuration, the same absorbers are placed on
the inner walls of the RC strategically. This configuration
aims for a more conventional RC performance than the first
configuration, which can be considered as a first step towards
the realization of spatial channel emulation platforms and
adaptive hybrid chambers which would allow conducting the
required tests within only one chamber. Both configurations
are evaluated and compared in terms of spatial uniformity
and coherence bandwidth (CBW), metrics that assess the
directional dependencies of the emulated channel and its



Fig. 1. Chamber configuration A showing placement of the RF absorbers on
the stirrers, transmit antenna (oriented toward the vertical stirrer) and receive
antenna (oriented towards the horizontal stirrer).

applicability to demodulation of communication signals. In
Section II, the chamber configurations and loading scenarios
are demonstrated and the measurement procedure is described.
Section III is dedicated to the evaluation of spatial uniformity
of each configuration based on the measured power transfer
function. Furthermore, the CBW calculations are presented.
The conclusion is given in Section IV.

II. LOADING CONFIGURATION AND MEASUREMENT SETUP

All measurements were performed in a mm-Wave
reverberation chamber. The chamber’s size is 0.8 m x 0.6
m x 0.5 m and it is equipped with two Z-fold stirrers [16].
As shown in Fig. 1, for the first configuration (Config. A) the
mechanical stirrers are partly covered with RF absorbers to
establish a half-absorbing, half-reflecting stirrer. In this case, a
complimentary stirrer is realized after a 180° rotation, i.e. the
absorbing plates are replaced by metallic plates and vice versa,
following the concept of a hybrid chamber. In the second, more
conventional, configuration (Config. B), the same absorbers are
spread on the inner surfaces of the RC (Fig. 2). The absorbers
are multilayered and carbon-loaded sheet material where the
front surface of the material has a shallow convoluted shape.

To quantify the degradation in the spatial uniformity due
to the loading of the RC, the method described in [17]
was used. For each loading configuration nine measurements
were carried out by relocating the transmit antenna within
the working volume of the RC. Two WR28 standard gain
horn antennas with the gain of 20 dBi were connected to the
VNA to measure the S-parameters. The calibration was done
using a 2.92mm calibration kit and the reference planes were
located at the antenna ports. The antennas were oriented away
from each other to minimize the direct coupling. Moreover,
the antennas were positioned more than half a wavelength
away from the metallic surfaces and the absorbers which
at the targeted frequencies correspond to a few millimeters
[17]. Care was taken when orienting the antennas to avoid
the proximity effect [18]. The stirrers were rotated one at

Fig. 2. Chamber configuration B showing placement of the RF absorbers on
the walls, transmit antenna (oriented toward the vertical stirrer) and receive
antenna (oriented towards the horizontal stirrer).

Table 1. Measurement Parameters
Value

26 GHz - 30 GHz
1000 points/GHz

Parameter
Frequency range
Number of frequency points

IF bandwidth 1 KHz
VNA output power level 0 dBm
Dwell time 10 ps
Paddles step size (V, H) 36° x 36°
Number of mode-stirring samples 10 x 10 = 100

a time with a 36° step, resulting in N = 100 mode-stirring
samples for each measurement. Using Pearson’s correlation
and a threshold of 0.3, the independence of each realization
was verified. The measurement parameters are summarized in
Table 1.

The spatial uniformity of each loading configuration is
assessed in terms of the chamber power transfer function as
follows [19]:

(I1S211%)
nrxirx (1= [(S11)2)(1 = [(S22)[2)
where (-) denotes the ensemble average over the entire
mode-stirring sequence, So; is the measured transmission
coefficient, npx and nrx are antenna radiation efficiencies,
and S7; and S2y are reflection coefficients to correct for
antenna mismatches. G.¢ was calculated for nine independent
locations within the working volume of the chamber for each
configuration. The uniformity is quantified by the standard
deviation between the different positions and is given by [17]:

OGrt = \/ﬁ Z:zl (Gref,p - éref)2a 2

where P = 9 is the number of the measured positions, i.e.
location and orientation, p is the position number, G, is the
chamber transfer function for the position p, and G is the
transfer function averaged over all stirring sequence. Using the
following equation, G can be expressed in dB scale:

Gri+o0 .
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Fig. 3. Standard deviation in Gy.¢ over frequency between nine antenna
locations.

Placing RF absorbers in the chamber introduces additional
losses, hence, the quality factor is reduced and the CBW is
broadened compared to an empty chamber. Similar to the
definition in propagation channels, the CBW indicates the
minimum frequency difference between uncorrelated signals
[19]. The CBW wider than the channel’s bandwidth is crucial
for distortionless demodulation of the signals. For 5G NR FR2
the maximum channel bandwidths of 50/100/200/400 MHz is
specified in [20]. The CBW is computed from the frequency
autocorrelation of an S; measurement for a given threshold
as [17]:

YOIty Sa1(f5,m4) S5, (f; + Afini)
SoiLy Sor (£, 1) S5 (f5m4)

where S1(f;,n,) is the measured complex Sp; at frequency
step f; with M frequency points measured within the
bandwidth of interest, Af; corresponds to one of several
frequency offsets over the bandwidth of interest, the index
n; is the mode-stirring sample (out of N), and the asterisk
denotes complex conjugation.

R(Afi,n;) = )

III. MEASUREMENT RESULTS AND DISCUSSION

The standard deviation in Gy between the nine antenna
locations for the proposed configurations is computed
according to (2) and the results are shown in Fig. 3.
As reflected in Fig. 3, both configurations deteriorate the
uniformity compared to the unloaded case, which has an
averaged standard deviation of only 0.09 dB [16]. In
the case of a hybrid chamber, this may be a desired
effect. The estimated average standard deviation in Gief
measurements for the Config. A and Config. B are 1.46 dB and
0.52 dB, respectively. The higher standard deviation in Gyt of
Config. A might be due to the fact that covering stirrers with
absorbers reduces their stirring efficiency, hence, nonuniform
electromagnetic fields are achieved. The uncertainty introduced
by the lack of spatial uniformity for the Config. A and
Config. B are 0.5 dB and 0.1 dB, respectively, which are within
the agreed range of +1.5 dB in the 3GPP NR standard [21].

Loading the reverberation chamber with RF absorbers
flattens the channel’s frequency response. Therefore, the
required coherence bandwidth for OTA tests is achieved.
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Fig. 4. Best-estimate of coherence bandwidth for Config. A.
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Fig. 5. Best-estimate of coherence bandwidth for Config. B.

The best-estimate coherence bandwidths for both loading
configurations are extracted from the average of nine positions
and they are shown in Fig. 4 and Fig. 5 where the shaded
area represents the deviation among these positions computed
as mean-value of CBW=2stdcgw. Despite the use of the
same absorbers, the exposed surfaces of the absorbers in
the two configurations differ from each other. Consequently,
they are distinguishable in terms of how effectively they
load the RC. The estimated CBW of Config. A with 0.5
threshold is 36 MHz, while for the Config. B the CBW is
41 MHz. The calculated CBW for the Config. B is similar
to the reported CBW of 40 MHz at 45 GHz where an RC
with inner dimensions of 1 m x 0.65 m x 0.55 m was
loaded with six absorbing blocks [22]. Comparing Fig. 4
and Fig. 5, Config. A exhibits higher variation on the CBW.
The reason behind this phenomenon may be two fold: first,
higher measurement uncertainty in Config. A is translated into
higher variation in CBW, second, not only does the number of
absorbers have a significant influence on the characteristics of
the emulated channel but also the arrangement of the absorbers
is of importance [23]-[25].

I'V. CONCLUSION

Spatial uniformity is of great importance for an ideal
reverberation chamber. However, for a hybrid chamber to
perform OTA tests with realistic channel conditions, one needs
to break down the uniformity in a controlled manner to emulate
a spatial channel. In this paper, the spatial uniformity of
two different loading configurations was investigated. In the
first configuration, the stirrers of the reverberation chamber



were altered by placing absorbers on them. A half-absorbing
half-reflecting stirrer varies the angle of reflecting waves
disparately, which could be used for a hybrid chamber.
For the counterpart configuration, the same absorbers were
placed on the inner walls of the RC in a more conventional
manner. It has been shown that the proposed hybrid stirring
technique significantly alters the uniformity, which is a desired
characteristic for the hybrid chamber. The averaged standard
deviation in G,.s measurements for the first and second loading
configuration is 1.46 dB and 0.52 dB, respectively. Future work
will include characterizing the power-angle profile of these
spatially nonuniform environments. To be able to perform OTA
measurements the CBW of the chamber must be broader than
channel’s bandwidth. The best-estimate of CBW for the first
and second configurations is 36 MHz and 41 MHz with a 0.5
threshold, respectively which satisfies the requirements of 5G
NR FR2 applications.
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