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ABSTRACT: This study presents millimeter-wave propagation measurements at 60 GHz conducted in a reverberation chamber to emulate
realistic multipath-rich indoor environments. Both line-of-sight (LOS) and non-line-of-sight (NLOS) scenarios are investigated using
commercial off-the-shelf devices. The impact of stirring conditions and lossy environments is evaluated through key performance in-
dicators, including Received Signal Strength Indicator (RSSI), Signal-to-Noise Ratio (SNR), Modulation and Coding Scheme (MCS),
and throughput. Results show that mechanical stirring speed and the placement of absorbing materials significantly affect channel char-
acteristics and system performance. In NLOS conditions, multipath propagation dominates, where dynamic beamforming demonstrates
improved robustness. In contrast, LOS scenarios are highly sensitive to blockage, leading to notable performance degradation. Overall,
the findings confirm that the reverberation chamber is an effective platform for over-the-air testing and characterization of 60 GHz wire-
less systems, offering valuable insights into system behavior under complex indoor propagation conditions relevant to future 5G and 6G

deployments.

1. INTRODUCTION

obile data traffic continues to grow rapidly, driven by the
Mwidespread adoption of smartphones, tablets, and con-
nected devices capable of generating and exchanging zettabytes
of data annually [1]. This trend has led to an increasing demand
for high-capacity wireless communication systems and the con-
tinuous development of new technologies to support emerging
applications and services. However, conventional wireless sys-
tems operating below 6 GHz face spectrum congestion, limiting
their ability to maintain required data rates.

In this context, millimeter-wave (mmWave) frequencies,
particularly around 60 GHz, have attracted significant inter-
est because of the large amount of available unlicensed band-
width. This has motivated extensive research on indoor propa-
gation characteristics, including path loss, fading behavior, and
channel modeling, which are essential for the design of high-
throughput wireless local area network (WLAN) systems. Pre-
vious studies have investigated the spatial and temporal prop-
erties of 60 GHz channels, highlighting the strong dependence
of signal propagation on environmental factors, antenna direc-
tivity, and polarization [2, 3].

Reverberation chambers (RCs) have emerged as powerful
tools for over-the-air (OTA) testing and characterization of
wireless systems owing to their ability to generate statistically
isotropic, rich multipath electromagnetic environments. These
properties make RCs particularly suitable for evaluating key
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performance indicators such as total radiated power (TRP), an-
tenna efficiency, and system-level metrics under controlled yet
realistic propagation conditions. Recent studies have demon-
strated the extension of RC-based methodologies to millimeter-
wave frequencies, supporting their applicability to future 5G
and 6G systems [4, 5].

Beyond standard OTA testing, reverberation chambers have
been widely investigated for advanced measurement techniques
and wireless channel emulation. For instance, reflectivity mea-
surements based on absorption cross-section (ACS) analysis
have shown that measurement uncertainty is primarily deter-
mined by the number of independent samples collected in the
chamber [6]. Moreover, the efficiency of mechanical stir-
ring and identification of uncorrelated field configurations have
been studied using multivariate statistical approaches, empha-
sizing the importance of accurate field characterization in RC
environments [7].

RCs have also been employed to emulate realistic wireless
propagation scenarios and assess the performance of communi-
cation systems under controlled multipath conditions. The im-
pact of retransmission mechanisms in wireless systems, such
as ZigBee, has been analyzed in variably loaded chambers,
demonstrating the strong influence of multipath richness on the
packet error rate and system reliability [8]. Additionally, the
practical aspects of channel emulation, including delay spread
and chamber loading, have been investigated to better repro-
duce real-world propagation environments [9].
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In the field of antenna measurements, reverberation cham-
bers have been used to evaluate multi-element antenna sys-
tems, where limited independent channel samples may intro-
duce a bias in the estimation of the diversity gain and channel
capacity [10]. Furthermore, RCs have proven effective for as-
sessing antenna performance in realistic scenarios, such as on-
body wearable systems, where human-body interactions signif-
icantly affect radiation efficiency and overall performance [11].

Compared to anechoic chambers, which provide a determin-
istic free-space environment suitable for antenna characteriza-
tion and beamforming analysis, reverberation chambers gen-
erate a statistically isotropic and dynamically varying multi-
path environment. This makes them particularly suitable for
evaluating system-level performance metrics such as through-
put, robustness, and adaptive behavior under fading conditions.
Therefore, the two approaches are complementary: anechoic
chambers are ideal for link budget and radiation analysis, while
reverberation chambers enable repeatable testing under realistic
and challenging propagation conditions, which are especially
relevant for mmWave systems.

The present work provides an extensive experimental in-
vestigation of 60 GHz propagation in a reverberation chamber,
with the aim of replicating complex multipath-rich indoor wire-
less environments. Both line-of-sight (LOS) and non-line-of-
sight (NLOS) scenarios are considered, using commercial off-
the-shelf (COTS) devices to ensure practical relevance. This
study focuses on the impact of mechanical stirring conditions
and the introduction of absorbing materials on key system-
level metrics, including the Received Signal Strength Indicator
(RSSI), Signal-to-Noise Ratio (SNR), Modulation and Coding
Scheme (MCS), and throughput.

With respect to the state of the art [12], typically focuses on
RC testing of wireless antennas using base stations and user
equipment emulators, the present paper is based on a commer-
cial off-the-shelf client-server system, which integrates anten-
nas, without the need of external emulators.

The results highlight the critical roles of stirring dynamics
and chamber loading in shaping the propagation channel. In
LOS configurations, the presence of obstructions along the di-
rect path leads to significant performance degradation, thereby
emphasizing the importance of maintaining clear propagation
conditions. Conversely, in NLOS scenarios, multipath prop-
agation dominates, resulting in enhanced channel richness,
where adaptive techniques such as beamforming demonstrate
increased robustness.

2. MEASUREMENT SYSTEM DESCRIPTION

The measurement system consisted of a transmitter and a re-
ceiver, both configured to operate in the frequency range of
61.56 GHz to 63.72 GHz, placed in a reverberation chamber.
These three components are described in the following subsec-
tions.

2.1. Reverberation Chamber

The reverberation chamber used in the test was a rectangular
cavity made of galvanized steel with dimensions of 6 x 4 X
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2.5m?. The stirring action was achieved by rotating a mechan-
ical stirrer with a horizontal axis and eight irregular metallic
plates [13]. Owing to its physical dimensions, the RC has its
first resonance mode at 45 MHz and its Lowest Usable Fre-
quency (LUF) around 300 MHz, thus facing uniformity and
anisotropy constraints provided by [14]; this means that the RC
is well overmoded at the working frequencies of the transmit-
ting and receiving devices.

In addition to being a facility for electromagnetic compati-
bility (EMC) tests, the RC allows us to emulate real-life propa-
gation conditions [15, 16] for testing wireless systems [17—19].
Figure 1 shows a picture of the chamber during the characteri-
zation tests, performed using a vector network analyzer (VNA)
and two V-band horn antennas, using the WR-15 waveguide
standard, well matched in the 50 GHz to 75 GHz millimeter-
wave frequency range and with a gain of 24 dBi, horizontal
beam-with = 11°, vertical beam-with = 9.5° [20].

FIGURE 1. Reverberation chamber and the setup used for its character-
ization.

The quality factor (Q), calculated according to Eq. (1) [14],
is reported in Figure 2.
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where V' is the chamber volume (m?); ) is the wavelength (m);
nr. and ng, are the total antenna efficiency factors for the
transmitting and receiving antennas, respectively.

Two indicators of RC are useful to compare it with a wireless
propagation environment: The first is the Rician K factor (K)
[21], given as the ratio between the power of the direct path and
the power of the scattered components (2).

(|< Sa1 >n])?

K:
(|S21— < S21 >n|)?

2

where the angle brackets represent the averaging operator over
the IV stirrer positions.

Figure 3 shows that, at these frequencies, the reverberation
chamber does not exhibit ideal behavior, as K-factor values
lower than unity are expected.

This meant the presence of static multipath behavior of the
test site, and the measured K-factor remained consistent with
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FIGURE 2. Quality factor of the reverberation chamber in the frequency
range 61.56 GHz-63.72 GHz.
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FIGURE 4. Power delay profile of the reverberation chamber.

those observed in realistic wireless propagation environments
[22-24].

The second is the power delay profile (PDP), which is the
measured power response of a signal as a function of time delay
and is calculated by applying the —20dB threshold [25, 26],
according to Eq. (3)

PDP(t) =< |[TFT(S21(f)|* >n 3)

where IFT denotes the Inverse Fourier Transform of the fre-
quency domain waveform of Sa; (f), and angle brackets denote
the ensemble average over the N stirrer positions.

This parameter is shown in Figure 4. From the time-domain
waveform of the PDP, a root-mean-square (RMS) delay spread
of Tryrs = 81ns was obtained, which is in agreement with
those reported in the literature for wireless scenarios in mm-
wave frequency ranges [2, 3].

2.2. Transmitting and Receiving Devices

During the tests, two COTS devices were used: a cnWaveTM
V1000 unit [27] as a transmitter and a cnWaveTM V5000 unit
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FIGURE 5. Measurement of the RSSI parameter for 280 seconds.

[28] as a receiver. The main characteristics of the equipment
are summarized in Tables 1 and 2, respectively. The beamform-
ing functionality remained enabled during the tests for both de-
vices.

During all tests, both the V1000 and V5000 were placed
inside the RC, and their performance is monitored by a lap-
top placed outside the RC and connected to them via optical
fiber. The key performance indicators (KPIs) are monitored by
the V5000 and collected by the laptop through simple network
management protocol (SNMP) queries. The KPIs are reported
in Table 3, which also includes a short description and their
units, omitted in the next tables for space considerations.

Figure 5 reports an example of the time-domain measure-
ment of the RSSI parameter (blue line) and the corresponding
idle times (red line), which occur when the connection between
the server and the client is down. It must be remarked that the
RSSI is an indicator related to the power measurement in dBm
on the received management packets only, and not on all the
data exchanged between client and server. If the transmitting
power is known, the RSSI can be used to compute the signal
attenuation due to the propagation environment.
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TABLE 1. CN V1000 features. TABLE 2. CN V5000 features.
Frequency Range 57 to 66 GHz Frequency Range 57 to 66 GHz
Channel Width 2.16 GHz Channel Width 2.16 GHz
Modulation Coding Schemes MCS-0 to MCS-10 Modulation Coding Schemes MCS-0 to MCS-12
Maximum EIRP 38 dBm Maximum EIRP 38dBm
Gain 22.5dBi Gain 22.5dBi
Beamforming Scan Range 440 deg azim., £20 deg elev. Beamforming Scan Range 4140 deg azim., 20 deg elev.
Beam Width 12 deg Beam Width 12 deg
TABLE 3. Monitored key performance indicators.
Equivalent Isotropically Radiated Power:
EIRP [dBm] is a measurement of radiated output
power from an ideal isotropic antenna.
Receive Signal Strength Indicator:
RSS! [dBm] isa méasuremf:nt .of the power presen.t in
a received radio signal, measured during
management packets every 25.6 ms.
Modulation Coding Schemes: is a metric
MCS that describes how data is encoded and transmitted
over a wireless connection.
Signal to Noise Ratio: is a measurement
of the level of a desired signal over the level
SNR [dB] . .
of background noise, measured during
management packets every 25.6 ms.
T ByteRate [byte/s] Throughput in transmission.
T, elev. [deg] Transmission elevation angle
T, azim. [deg] Transmission azimuth angle
R, elev. [deg] Reception elevation angle
R, azim. [deg] Reception azimuth angle
Idle Time [s] Time with no connection
3. RESULTS 3.1. LOS Lossless Configuration

This section presents the experimental results obtained from the
measurement campaign conducted in the reverberation cham-
ber under different propagation conditions. The analysis fo-
cuses on KPIs, including RSSI, SNR, MCS, throughput, and
idle time, evaluated in both LOS and NLOS configurations with
and without the presence of lossy materials.

During the test reported in this study, the stirrer was con-
tinuously rotated (stirring mode). Preliminary tests were con-
ducted using the reverberation chamber (RC) in step mode. The
evaluated client—server system, however, operates with beam-
forming permanently enabled; consequently, it automatically
reconfigured the transmission and reception angles as a func-
tion of the stirrer position, in step mode. Therefore, the stirring
mode represents a more hostile condition for the test of the sys-
tem. In fact, this condition imposes a more demanding test, as
it more strongly challenges the system’s capability to dynami-
cally adapt to time-varying scenarios.

14

LOS configuration was the first scenario explored during the
tests because it is the most widely used configuration, in both
point-to-point and point-to-multipoint systems.

Figure 6 shows the LOS setup in RC: V1000 and V5000 are
placed in line of sight, and the horizontal stirrer, which rotates
with angular speed w, is placed between the transmitter and re-
ceiver. The vertical stirrer and metallic box remained stationary
and acted as scattering objects.

However, the horizontal stirrer rotated during the tests and
simulated the effect of a moving object interposed between the
transmitter and receiver. In a realistic outdoor scenario, for ex-
ample, a bus passes on a street. As an example of how the stir-
rer affects the performance of the V1000-V5000 connection,
Figure 7 shows how the RSSI varies when the horizontal stir-
rer is moved at two different angular speeds w; = 2 deg/s and
wo = 5deg/s. The different rotating speeds affected both the
periodicity of the RSSI pattern and its average value. The ef-
fect of w on other parameters was also investigated for the three
different speeds.
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FIGURE 7. RSSI fluctuations with two rotation angular speeds of the
horizontal stirrer.

TABLE 4. LOS scenario, w = 2 deg/s no losses.

RSSI SNR | MCS | TxByteRate
max —53 20 8 1.22108
min —62 12 8 1.33103
avg —55.69 | 17.99 8 1.20108
std [dB] | 0.82 0.81 0 0.41
idle time =0s

Tables 4, 5, and 6 report the statistical analysis of the RSSI,
SNR, MCS, and TxByteRate, respectively, during a test in
which the stirrer continuously rotated at angular speed of w =
2deg/s, w = 5deg/s, and w = 10 deg/s, respectively; during
these tests, the EIRP remained fixed at 13 dBm, and no lossy
material was introduced into the RC.

Although the beamforming function was active, no variation
in T,/ R, elevation or azimuth angles was observed, and no
idle times were observed throughout the testing period.

When comparing the performance at the three different ro-
tation speeds, it can be observed that they do not significantly
affect the RSSI, SNR, and MCS; only the minimum through-
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TABLE 5. LOS scenario, w = 5 deg/s no losses.

RSSI | SNR | MCS | TxByteRate
max —54 20 9 1.22108
min —62 11 8 1.5210%
avg —55.76 | 17.89 | 8.01 1.20108
std [dB] 0.83 0.79 | 0.04 0.39
idle time =0

TABLE 6. LOS scenario, w = 10 deg/s no losses.

RSSI | SNR | MCS | TxByteRate
max —54 20 8 1.22108
min —62 12 8 4.2210°
avg —55.7 | 179 8 1.20108

std[dB] | 0.83 | 0.78 0 0.42

idle time =0

put, in correspondence to the shadowing effect of the stirrer,
is lower for lower w values. This fact is ascribed to the logic
of the system firmware, which reduces the transmission rate in
the event that obstacles are present for longer periods of time at
lower w between the transmitter and receiver.

3.2. Line-of-Sight Lossy Configuration

The LOS scenario described in the previous subsection was also
explored in a lossy configuration by adding a VHP-8-NRL ab-
sorbing panel in two different positions (Figure 8). In the first
position, the lossy panel intercepts the line between V1000 and
V5000, whereas in the second position, the panel is placed out
of the line-of-sight. Table 7 reports the KPIs for lossless and
two lossy configurations. It can be observed that, as expected,
the losses reduce the received power and also slightly decrease
the SNR. However, losses slightly increase throughput, as the
system sets a higher value for the MCS. This can be explained
by considering that the lower the quality factor, the fewer the
multipath conditions. From a system perspective, the multi-
path acts as a source of interference in the case of a dominant
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TABLE 7. LOS scenario, w = 2 deg/s — Effect of losses.
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FIGURE 8. Line-of-sight lossy scenario.

TABLE 8. NLOS scenario, w = 2 deg/s No lossy panels.

RSSI SNR | MCS | TxByteRate
max | —55.87 | 17.75 | 6.75 9.74107
min | —70.62 | 0.5 2 2.11107
avg | —58.84 | 14.77 4.4 6.21107
std 1.83 1.90 1.46 1.64
idle time: 10.25 s over 2400 s

Metric | Lossless ‘ 1 el., pos. 1 ‘ 1 el., pos. 2
RSSI [dBm]
max —53 —54 —55
min —62 —62 —65
avg —55.69 —56.33 —57.8
std 0.82 0.84 0.95
SNR [dB]
max 20 20 19
min 12 11 9
avg 17.99 17.29 15.85
std 0.81 0.85 1
MCS
max 8 9 9
min 8 7 9
avg 8 8.29 9
std 0 0.32 0
TxByteRate [byte/s]
max | 1.22-10% | 1.26-10° | 1.26-108
min | 1.33-10° | 1.25-10° | 4.22-107
avg 1.20-10% | 1.20-108 1.24-108
std 0.41 0.47 0.31

line-of-sight scenario. This consideration is confirmed by the
higher MCS values adopted by the system in the case of the
lossy panel placed in position 2, which reduces the multipath
effect with respect to position 1, not in the line of sight between
the transmitter and receiver.

3.3. NLOS Lossless Configuration

In real-life situations, both indoors and in urban environments,
it may also be interesting to investigate the NLOS configuration
to analyze the maximum extension of the system radio cover-
age. The RC is well suited to emulate this situation because the
reverberation environment enhances the multipath, and the di-
rect path can be strongly reduced by proper antenna orientation
and obstacle(s) positioning. We placed the devices in a back-
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TABLE 9. NLOS scenario, w = 5 deg/s No lossy panels.

RSSI SNR | MCS | TxByteRate
max —55 18.87 | 8.125 1.14108
min | —71.25 | —0.87 2 2.37107
avg | —58.48 | 15.15 | 4.771 6.81107
std 2.18 2.24 1.93 1.67
idle time: 29.375s over 2400 s

to-back configuration, as shown in Figure 9. In this way, the
direct path between the transmitter and receiver is minimized,
considering the wide beamforming scan range provided by the
V5000. In addition, to minimize the direct link, the transmitter
points towards the horizontal stirrer, and the receiver is pointed
to the opposite direction with respect to the V1000 and metallic
box, whereas the still vertical stirrer acts as diffusers. In this
scenario, the multipath effect introduced by the RC is funda-
mental. In the first set of measurements, no lossy panels were
inserted into the RC, and the resonant characteristics of the en-
vironment were emphasized. During these tests, the EIRP was
fixed at 13dBm. The NLOS scenario is a more hostile envi-
ronment than the LOS scenario. Therefore, during the tests, we
observed variations in T,/ R, elevation or azimuth angles and
idle times.

Tables 8, 9, and 10 report the statistical analysis of RSSI,
SNR, MCS, and 7T,ByteRate, respectively, during tests in
which the stirrer rotates at angular speeds w = 2deg/s, w =
5deg/s, and w = 10 deg/s, respectively. Tests with an angular
velocity of 2 deg/s emulate an obstacle that moves very slowly
and rarely blinds the system. The tests with an angular velocity
of 10 deg/s, on the other hand, represent obstacles that blind the
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TABLE 10. NLOS scenario, w = 10 deg/s No lossy panels.

RSSI SNR | MCS | TxByteRate
max | —55.75 18 3.75 4.76 107

min | —70.87 | 0.125 2 2.30107
avg | —58.48 | 15.15 | 2.40 3.72107
std 1.55 1.61 | 0.88 0.69

idle time: 4 s over 2400 s

system for shorter periods but more frequently. The tests at an
angular velocity of 5 deg/s represent an intermediate case.
When transitioning from w = 2 deg/stow = 5 deg/s, the sys-
tem responds by increasing MCS, consequently the throughput.
However, when switching from w = 5deg/s to w = 10deg/s,
the system perceives a hostile propagation environment be-
cause idle events become more frequent. As a consequence,
the system adapts itself by reducing the MCS and transmis-
sion speed, thus ensuring better connection stability and, con-
sequently, reducing idle times. For the tested devices and used
configuration, the system response is not strictly proportional to
the speed of the moving obstacle. A similar behavior was ob-
served for systems working in the 2.45 GHz band [29]. In addi-
tion, comparing the system performance with the LOS scenario

17

in Subsection 3.1, we note lower values of MCS and through-
put, but characterized by a lower spread. This can be explained
considering that in the LOS scenario the connection is mainly
due to a single direct path. When the stirrer intercepts this path,
it causes a strong degradation in performance. On the other
hand, in the NLOS scenario, the connection is due to a larger
number of paths, and the stirrer can negatively affect only some
of them.

3.4. Non-Line-of-Sight Lossy Configuration

It is interesting to investigate the effect of the insertion of lossy
elements into the RC in the NLOS scenario because losses
affect the scattered component of the electromagnetic field,
which plays a more relevant role in the LOS scenario. In this
study, six absorbing panels were inserted into the RC, as shown
in Figure 10.

Table 11 reports the effect of the losses on the performance
of the tested system. With respect to RSSI, losses increase its
maximum value and decrease the minimum value. This can
be explained by considering that the RSSI is a measurement of
the received power related only to the useful component of the
signal. Depending on the position of the stirrer, the best case
occurs when most of the signal travels from the transmitter to

WWwWw.jpier.org
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TABLE 11. NLOS scenario, w = 2 deg/s effect of Losses.

RSSI SNR
lossless | 6 panels | lossless 6 panels
max | —55.87 | —54.37 17.75 19.62
min | —70.62 | —72.5 0.5 —5.37
avg | —58.84 | —57.85 14.77 15.80
std 1.83 2.41 1.90 2.46
MCS TxByteRate
lossless | 6 panels | lossless 6 panels
max | 6.75 9 9.74107 1.3110°
min 2 2 2.1110” 6.1710°
avg 44 7.55 6.21107 8.94107
std 1.46 1.52 1.64 1.61
idle time: 10.25 s (lossless) 11.5 s (6 panels) over 2400 s

the receiver after multiple reflections are not intercepted by the
stirrer elements (paddles of the metallic stirrer in Figure 1). By
contrast, the worst case is the one in which most of the power
is intercepted by the stirrer.

In the best cases, the power from the multipath as a result
of the electromagnetic field stirred by the RC is seen by the
system as noise. Therefore, the SNR increases in the case of
a lossy scenario. In the worst cases, the signal is mainly due
to the scattered part of the electromagnetic wave, and losses
lower this component. For the same reason, in the best-case
scenario, the system increases the MCS and consequently the
transmission rate. In fact, losses reduce the scattered compo-
nent of the power; therefore, we observed higher values of MCS
and TxByteRate in the lossy configuration. A larger spread be-
tween the performance in the best and worst case scenarios can
also be observed in terms of higher values of the standard de-
viation of all monitored parameters, with respect to the lossless
configuration.

4. DISCUSSION ON RESULTS

The experimental results highlight several important aspects of
wireless system behavior at 60 GHz, while also providing in-
sight into the role of the reverberation chamber (RC) as a testing
environment.

Although the RC used in this study does not fully exhibit the
characteristics of an ideal reverberation environment, as indi-
cated, for example, by the non-ideal Rician K-factor values, it
nevertheless proves to be a highly effective platform for testing
wireless systems under challenging and dynamic propagation
conditions.

In LOS scenarios, the system performance is strongly depen-
dent on the presence of a stable direct path. The measurements
show that variations in stirring speed have limited impact on the
average KPI values (RSSI, SNR, MCS) but significantly affect
the temporal fading behavior and minimum throughput. This
indicates that even under non-ideal reverberation conditions,
the RC can reproduce realistic obstruction effects, mimicking
moving objects that intermittently block the link.
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The introduction of lossy materials in LOS configurations
further demonstrates that the RC can emulate propagation im-
pairments beyond simple multipath effects. While attenuation
reduces the received power, it can also improve transmission
efficiency by limiting multipath interference, leading to higher
MCS levels. This confirms that the chamber environment, even
if not perfectly isotropic, allows for meaningful observation of
interference-related phenomena.

The importance of multipath propagation becomes evident
in NLOS scenarios. Despite the non-ideal reverberation prop-
erties, the RC successfully creates a sufficiently rich scatter-
ing environment to sustain communication in the absence of a
direct path. The system response to different stirring speeds
showed nonlinear adaptation, with moderate dynamics im-
proved performance, whereas excessive dynamics led to insta-
bility and increased idle times. This shows that RC can effec-
tively reproduce harsh and time-varying channel conditions in
the real world.

When lossy elements are introduced in NLOS configura-
tions, their impact becomes more critical. Because communi-
cation relies on scattered components, attenuation can enhance
and degrade performance depending on the instantaneous chan-
nel realization. The observed increase in KPI variability con-
firms that the RC can generate highly fluctuating and stressful
propagation scenarios, which are particularly relevant for ro-
bustness testing.

Regarding wireless system tests in RCs at lower frequencies,
it has been reported that system performance under stirred con-
ditions is governed by multipath richness and temporal fading,
leading to fluctuations in key performance indicators, such as
throughput and modulation schemes. For example, in [29],
this behavior was observed for WLAN systems operating at
2.4 GHz, where moderate channel dynamics improve perfor-
mance, while excessive dynamics degrade link stability. Our
results at 60 GHz are consistent with these findings, while also
highlighting frequency-specific effects. In particular, similarly
to lower-frequency studies, we observe that the system adapts
to channel variations by adjusting the modulation and cod-
ing scheme (MCS), confirming the validity of RC-based test-
ing across frequencies. However, at 60 GHz, the impact of
blockage and beamforming is significantly more pronounced.
In LOS scenarios, the performance degradation caused by ob-
struction of the direct path is stronger than typically observed at
lower frequencies. In NLOS conditions, the role of multipath
becomes critical, and the RC environment successfully repro-
duces a sufficiently rich scattering scenario to sustain commu-
nication, consistent with observations at lower frequencies [8].
The non-linear relationship between stirrer speed and through-
put observed in our measurements is also in agreement with pre-
vious studies at lower frequencies [29], where excessive chan-
nel dynamics lead to increased instability and idle periods. As
regards the effect of the positioning of lossy elements, in the
case of LTE-4G frequencies (1.8 GHz band) [30], they increase
the system throughput regardless of their position. This can
be ascribed to the fact that at these frequencies, the RC has an
ideal behavior. On the contrary, at mmWave frequencies we
observed a similar effect if the losses do not intercept the main
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beam, while they reduce the throughput if placed along the main
path. This means that the static multipath effect in the RC is
dominant, and this assumption is confirmed by higher values
of the Rician-K factor.

Overall, although the chamber does not behave as an ideal
reverberation environment, the results clearly show that it func-
tions as a valuable and controllable hostile test site for wireless
propagation. It enables the emulation of adverse conditions,
such as blockage, fading, and reduced multipath diversity, pro-
viding a practical and repeatable framework for evaluating sys-
tem resilience in realistic deployment scenarios.

5. CONCLUSION

This study has demonstrated the effectiveness of a reverbera-
tion chamber as a controlled and repeatable environment for
evaluating the performance of commercial 60 GHz wireless
systems under realistic propagation conditions. Through an ex-
tensive experimental campaign, both line-of-sight (LOS) and
non-line-of-sight (NLOS) scenarios were analyzed, consider-
ing the effects of mechanical stirring dynamics and the intro-
duction of lossy materials.

The results show that in LOS configurations, the system
performance is highly dependent on the integrity of the direct
path. Obstructions or absorbing elements along this path lead
to significant degradation of key performance indicators such
as RSSI and SNR. In contrast, under NLOS conditions, where
communication is primarily based on multipath propagation,
the system exhibits increased robustness due to the availabil-
ity of multiple propagation paths and the adaptive capabilities
of beamforming techniques.

This study also highlights the dual roles of losses within the
propagation environment. In LOS scenarios, the introduction
of absorbing materials can improve the performance by reduc-
ing multipath-induced interference. However, in NLOS con-
figurations, where scattered components are essential for main-
taining connectivity, excessive losses can degrade the system
performance by attenuating useful signal contributions.

In general, the findings confirm that reverberation chambers
provide a valuable platform for over-the-air testing and chan-
nel emulation at mm-wave frequencies, enabling a systematic
investigation of complex propagation effects.
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