
4th URSI AT-RASC, Gran Canaria, 19 – 24 May 2024
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Abstract

Design and standardization of future millimeter-wave
(mmWave) wireless communications systems require accu-
rate models of wireless propagation channels. In particu-
lar, comprehensive statistical models describing the effect
of human bodies moving randomly in the surrounding en-
vironment, acting as reflectors or absorbers, on the received
power and delay spread are urgently needed. To enable
these, new measurements campaigns are required based on
channel sounders designed specifically to capture the real-
time dynamics of the channel responses. This paper pro-
poses a new methodology to enable fully dynamic measure-
ments with a pseudonoise (PN)-sequence channel sounder
by means of quasi-perfect transmitter-receiver (Tx-Rx) syn-
chronization and suppression of probing signal effects in
the post-processed channel impulse responses (CIRs). This
approach allows the identification of the weak multipath
components (MPCs) originated by reflections on the hu-
man body. The approach is validated by analysing CIRs
collected in an indoor environment with one person mov-
ing close to the 60 GHz link. The results also demonstrate
that future mmWave systems could exploit these additional
MPCs and benefit from human interactions.

1 Introduction

Fifth generation (5G) wireless communications systems
rely on mmWave spectrum [1] to enable very high data rates
and low-latency services, due to the availability of very
large bandwidths. High time resolution makes mmWaves
signals suitable for accurate sensing, opening interesting
perspectives for the emerging integrated sensing and com-
munications (ISAC) techniques. At 60 GHz, regulations
worldwide made available about 7 GHz of bandwidth for
unlicensed operation; while the next release of the 5G New
Radio (NR) standard will expand its frequency range to
71 GHz.

The peculiarities of the wireless medium at mmWaves pre-
vent the simple extension of existing channel models for
lower bands and require using appropriate sounding equip-
ment for new measurements. A variety of channel sounders

have been developed for measurements in both outdoor
(street canyon, rural, etc.) and indoor (home, office, etc.)
scenarios [2]. Recently, the IEEE launched a dedicated
Standardization Group (i.e. the IEEE SA - P2982 [3])
to recommend methods for verifying mmWave channel
sounder performance based upon comparison of processed
channel measurement data to either theory or an artifact
having known characteristics.

Sounding can be carried out using different techniques
that depend on the probe signal and processing methodol-
ogy, i.e. multitone sounding [4], chirp sounders [5], PN-
sequence sounders [6, 7], sliding correlator sounders [8], or
VNA measurement setup [9]. These channel sounders, ex-
cept the VNA-based, are all real-time capable and can thus
measure dynamic effects; sounders that combine these sig-
naling forms with switched (phased) arrays, e.g., [4, 10],
enable even directionally resolved real-time measurements.
For the considered large bandwidths, accurate synchroniza-
tion is a major challenge. In [11] the importance of having
an absolute timing reference to identify exactly the MPCs
and their time of arrival for a thorough characterization of
the dynamic propagation channel is highlighted and an ef-
fective channel sounding setup is proposed.

Measuring and modeling the impact of human bodies is es-
sential as they can play a significant role as blockers or scat-
terers, especially in indoor environments. For this reason,
several papers have investigated the blockage of a LOS con-
nection by a human body, e.g., [12, 13, 14, 15, 16, 17, 10,
18, 19] who measured the attenuation of the LOS compo-
nent as a function of the position of the intervening human
body. An study of the shadowing loss of the human body
at multiple mmWave bands has been presented in [16], re-
lying on real-time channel measurements in an open office
environment set-up by the channel sounder in [20]. Dy-
namic measurements of human interactions at mmWaves
have been also performed in [17] at 28 GHz. At 60 GHz
several other contributions developed measurement-based
models for human blockage [18, 10, 19]. Recently, we pro-
vided in [21] a statistical analysis of the interaction of mul-
tipath and human bodies in a 60 GHz channel in an indoor
environment for the cases of one and two human bodies.



Figure 1. Experimental setup.

We derived a statistical model of the induced multipath ef-
fect, and discussed the impact of human presence on the
statistical properties of channels. However, also this study
is based on the static “evolutionary” measurements scenar-
ios presented in [22]. To determine the multipath created
by moving human bodies, a precise knowledge of the trans-
mitted waveform and accurate timing is required, so that the
(weak) human-reflected signals can be distinguished from,
possibly time-varying, deviations of the transmitted signal
from the nominal waveform caused by synchronization er-
rors.

In this paper, we present a methodology for PN-sequence
channel sounders to achieve quasi-perfect synchronization
between the transmitted and received waveforms and a
post-processing procedure to remove all artifacts intro-
duced by the equipment on recorded CIRs, including the
probing PN-sequence. This allows a complete and realistic
characterization of the wireless channel in the presence of
moving human bodies with reliable identification of MPCs
originated by reflections on the body. We validate this ap-
proach showing the CIRs measured in the presence of a hu-
man body moving in the proximity of the radio link and
standing behind the Rx. The originated MPCs are clearly
visible in the multipath profiles and can be characterized.

2 MmWave Dynamic Channel Sounder

The block diagram of the channel sounder is shown in
Fig. 1, where the red drawing shows the setup updates w.r.t.
[6, 22] implementing the new methodology that enhances
the channel sounder capability to record dynamic wireless
CIRs. The Tx generates a baseband (BB) PN-sequence,
with a bandwidth BBB = 600 MHz, that is up-converted
to an Intermediate Frequency (IF) signal (4.2-5.4 GHz) [6].
Both signals are available as outputs of the Tx platform.
The IF signal is then up-converted to the 60 GHz band,
sent through a power amplifier (PA) and transmitted from
a vertically polarized horn antenna with gain 15 dBi and
beamwidth 30 degrees, mounted on a platform. The Rx an-
tenna is omni-directional with a nominal gain of 2 dBi and
vertical polarization. The local oscillator (LO) chain, feed-
ing both the up- and down-converters, is equipped with a
tunable synthesizer, whose output is multiplied by a factor

of 8, thus allowing the carrier frequency to be programmed
at will in the frequency range from 54 to 66 GHz. Passband
filters are also added in the up- and down-converters for the
54-59 GHz and 61-66 GHz bands. The architecture of the
down-converter is complementary to the up-converter. The
down-converter output signal at the IF f IF

c = 4.78 GHz is
amplified and sent to a digital sampling oscilloscope (DSO)
that can acquire signals up to 6 GHz with a 20 GSps sam-
pling frequency. The tuning of the synthesizer and the
waveform acquisition by the DSO are software controlled.
We refer the reader to [6] and [22] for further details. The
adds-on to the measurement setup described above consist
of the combiner placed at the output of the down-converter
that takes as inputs both the probe signal at the 4.78 GHz
IF and the BB PN sequence probe generated at the Tx. This
is exactly the same sequence used to get the IF probing
waveform. Before entering into the combiner, these two
signals are filtered by analog filters, to avoid undesired in-
terference. The combiner’s output is then injected into the
DSO.

2.1 Post-processing procedure for quasi-
perfect synchronization

The DSO output signal is the combination of the BB PN
sequence and the full received probing signal at 4.78 GHz
down-converted from the 60 GHz band. We may easily iso-
late the BB and the IF signal by applying a digital low-
pass filter and a pass-band filter, respectively. The IF signal
is then demodulated to get the BB In-phase and Q-phase
components and are then cross-correlated with the BB re-
covered signal in order to remove the probing waveform
from the measured profiles. Since the received signal is the
BB waveform, shifted to IF and 60 GHz frequency, passed
through the wireless channel, the quasi-perfect synchroni-
sation is inherent in the process.

The synchronization performance is evaluated by analysing
the LOS components from all recorded profiles at a fixed
distance and estimating the mismatch in the times of arrival.
As shown in Fig. 2, the value of this mismatch is given by
∆t =±2 ·ts where ts is the applied sampling interval. Hence,
it is related to DSO performance and can be reduced if a
very short ts is applied. For our DSO it ranges from -100 ps
to 100 ps.

After the decorrelation, the CIRs are obtained by process-
ing the recorded profiles with the CLEAN algorithm [23],
a successive interference cancellation approach for decon-
volution that estimates the arrival times and amplitudes of
MPCs [22].

3 Validation Tests and Performance

The channel is sounded in a typical office environment with
the antennas placed in fixed positions at a distance of 6 m
and a height of 1.35 m. The carrier frequency of the prob-
ing signal is 57.5 GHz. Each acquisition record consists of



Figure 2. Synchronization evaluation.

100 kSample at 30 frames per second. From each recorded
file, a CIR sample is extracted. The scenario under test in-
volves one person moving on a defined walking path be-
tween the Tx and Rx antennas, involving the following two
phases: 1) crossing the LOS link; 2) standing behind the
receiving antenna.

Fig. 4 shows the CIR samples vs. the excess delay, recorded
continuously over an observation window of about 120 s,
while the person is moving around. We can clearly observe
the crossing point, associated with a deep fading episode of
the CIRs around frame # 460. Close to the obstructed main
path, we can spot additional MPCs that are related to the
interactions with the human body. This is especially evident
for the last phase “standing behind the receiver,” where a
strong MPC, not visible in the previous phases, appears at
a delay close to the LOS path.

This phase is analysed in details in the upper plot of Fig. 3,
in comparison with the static measurement with the empty
room (lower plot). We can clearly spot the increase in
the MPCs due to the human presence and the significant
spreading at large delay, likely due to the scattering of the
additional MPCs originated by the human body. This effect
is evident in Fig, 5 where we distinguish three regions as-
sociated to the empty room (“Nobody”), the person “Walk-

Figure 3. Comparison between the profiles recorded with
the dynamic human body moving around the receiver (up)
and the static measurement with the empty room (down).

Figure 4. CIRs recorded during the crossing phase. LOS
path blockage due to the crossing person at the frame # 460.

Figure 5. Dynamic CIRs with and without human interac-
tions. Additional clutter at about 1, 3 and 6 ns is generated
by interactions of human body and environment, whereas
multipath blockage is visible at about 8.5 and 10 ns.

ing” and the person “Standing behind the receiver,” as in-
dicated by the upper bar over the CIRs plot. The standing
position is not fixed but varies with time.

At a delay of about 1 ns from the LOS path additional MPCs
appear, impacted by the interactions with the human body
standing in the proximity of the Rx, and decay starting from
the frame # 3000, when the person starts walking out from
the coverage of the TX antenna. The same behaviour is
observed at 3 and 6 ns (additional MPCs are generated from
the frame # 2400).

At about 8.5 ns delay the human body produces a multipath
blockage for a duration of 300 frames (about 10 s) in the
frames # 2600–2900. The MPC at 10 ns appears only when
the human body moves away from the Rx, i.e. it is a MPC
generated by the environment, but obscured by the human
body standing behind the Rx, i.e., at the frame # 3000.



4 Conclusion

In this paper we presented a methodology to achieve
quasi-perfect synchronization between a mmWave channel
sounder Tx and Rx such that accurate modeling of dynamic
wireless channels is possible. We focused on the analysis of
human interactions with mmWave MPCs. We have shown
that an accurate characterization of the dynamic CIRs can
be done with a low-cost PN channel sounder by relying on a
quasi-perfect Tx-Rx synchronization and an accurate decor-
relation of the recorded PN sequences with the synchro-
nized template extracted instantaneously from the channel
sounder. The MPCs of the post-processed CIRs can be eas-
ily correlated with the positions of the human bodies wrt the
LOS link. The analysis of sample measurements demon-
strates that the human interactions can be beneficial for the
60 GHz link, producing additional MPCs that contribute to
the overall SNR at the Rx.
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