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Abstract—The 60 GHz band plays an important role for
wireless signalling with extremely high data rates, both for
WiFi and cellular applications. For the design and performance
analysis of this band, the impact of human interactions on the
propagation from transmitter to receiver has to be taken into
account. While the impact of a single human body blocking
the line-of-sight (LOS) has been investigated as a deterministic
effect, statistical models describing the effect of multiple human
bodies, acting as reflectors, on received power and delay spread
are still lacking. To close this gap, this paper analyzes mea-
surements of 60 GHz channel impulse responses in static but
“evolutionary” office scenarios that involve one and two people
and uses them to calibrate a ray tracer that allows the generation
of a larger number of channel realizations. Regression fits are
applied to the resulting channel responses to obtain an accurate
characterization of human-induced power and delay variations
in proximity situations where humans give rise to additional
multipath'.

I. INTRODUCTION

Use of the millimeter-wave (mmWave) spectrum is an
integral part of fifth generation (5G) wireless communications
systems [1]. It enables very high data rates due to the
availability of larger bandwidths compared to the traditional
cellular and WiFi bands. Of particular interest is the 60
GHz band, in which 7 GHz of bandwidth are available for
unlicensed operation (depending on the regulatory regime, up
to 14 GHz might be available). Several wireless standards
already use these bands, including the IEEE 802.11ad stan-
dard [2] and its more recent incarnation IEEE 802.11ay [3],
which provide WiFi connectivity, i.e., short range high speed
communications in indoor environments. Furthermore, while
the 5G NR standard is currently only specified in frequency
bands up to 51 GHz, its next release will include an expansion
to up to 71 GHz. The 60 GHz band could then be used
for either License Assisted Access (LAA), or stand-alone
unlicensed access [4].

While there has been extensive work on the measurement
and modeling of the wireless propagation channels in the 60
GHz band over the past 30 years (see, e.g., the reviews in
[5], [6]), most of the work has been done in setups that
avoided human presence in the measurement environment.
Yet measuring and modeling the impact of human bodies is
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essential as they can play a significant role as blockers or
scatterers especially in indoor environments. For this reason,
several papers have investigated the blockage of a line-of-
sight (LOS) connection by a human body, e.g., [7]-[10] who
measured the attenuation of the LOS component as a func-
tion of the position of the intervening human body. Similar
measurements were performed in outdoor environments at 28
GHz in [11] and at 73 GHz in [12] and [13]. These results
can be used for a deterministic modeling of such shadowing,
as proposed in the 3GPP channel model [14].

A related but distinct avenue of investigation is the analysis
of statistical channel variations in the presence of one or
more human bodies. An early contribution to this topic was
made by one of the authors of this paper [15]. Later works
have employed both measurements and raytracing simulations
to model the channel and the human effect [8], [16]. In
particular, [16] studies the effect of one moving human on
the delay spread, and [8] studies the signal coverage, LOS
blockage duration and number of blockages per hour in the
60 GHz channel using several humans modelled as ellipses.

It is important to model not only the effect of one human,
but multiple, since this is a more realistic scenario. To the
best of our knowledge, such investigations are only done for
the 60 GHz band in [8] and in our work [15]; however,
the multipath effect was not studied. Additionally, none of
the previous works study the impact of human presence on
the statistical properties of channels such as delay spread,
power distribution, number of multipath components (MPCs),
MPCs inter-arrival times, and how they differ from the static
case (with no humans). The only work that provides similar
results, the recent paper [17], performed measurements in
the 27 GHz band. This work carried out extensive indoor
measurement campaigns with either a static or a moving
receiver (RX) with different human obstructions. For the static
RX case, two scenarios with one human blocker and six
human blockers walking in random positions were carried
out. Results showed that the multipath nature of the indoor
environment limits blockage loss and delay spread changes.
However, measurements were done in a different frequency
band (27 vs. 60 GHz) and a different bandwidth (0.4 vs. 1.2
GHz) compared to the measurements used here.A qualitative
comparison between the results in [17] and our results is done
in Sec. V.



To close this gap, this paper provides a statistical analysis
of the multipath effect of human bodies on the 60 GHz
channel in an indoor environment for the cases of one and
two human bodies, and derives a statistical model. Since
we have limited measurement results, we augment existing
measurement results by raytracing, where the ray tracer
is carefully calibrated against the measurement data. The
augmented dataset is used for analysis of the delay spread,
number of MPCs, the statistical distributions of the MPC
powers and interarrival times in each case.

The remainder of the paper is organized as follows: in Sec-
tion II, we present the measurement campaign. In Section III
we discuss the augmentation using raytracer results. Section
IV presents the results and analysis of the above-mentioned
statistical parameters. Finally, Sec V concludes the paper and
addresses future work.

II. CHANNEL MEASUREMENTS

A. Setup and Scenario

Fig. 1 shows the block diagram of the channel sounder. The
transmitter (TX) is a pseudo-noise (PN) sequence channel
sounder that creates an IF signal (4.2-5.4 GHz) with a
bandwidth B'F = 1.2 GHz [18]. This signal serves as input
to an up-converter to the 60 GHz band described below. The
resulting 60 GHz signal is sent through a power amplifier (PA)
and is transmitted from a vertically polarized horn antenna
with gain 25 dBi and beamwidth 9 degrees, mounted on
a platform. The receiver (RX) antenna is omni-directional
with a nominal gain of 2 dBi and vertical polarization. Both
antennas are placed on the desks at a height of 0.97 m. The
architecture of the down-converter is complementary to the
up-converter. Passband filters are also added in the up- and
down-converters for the 54-59 GHz and 61-66 GHz bands.

For the up/downconverter, the local oscillator (LO) chain
is equipped with a tunable synthesizer (4 to 10 GHz), whose
output is multiplied (in two steps) by a factor of 8, thus
allowing the carrier frequency to span eight sub-bands of
interest: four in the 54-59 GHz range, referred to as B, and
four in the 61-66 GHz range, referred to as By.

The LO feeds both the up- and down-converters. The
output of the down-converter is the signal at the intermediate
frequency fCIF = 4.78 GHz. It is amplified and sent to a
digital sampling oscilloscope (DSO) that can display signals
up to 6 GHz with a 20 GSps sampling frequency. The tuning
of the synthesizer and the waveform acquisition by the DSO
are software controlled. We refer the reader to [15] and [19]
for further details.

The measurement environment is shown in Fig. 2. It is
a typical office room bounded by a concrete wall with two
windows, and plasterboard walls. There are several desks, a
cabinet and one door on the wall opposite the windows. The
TX and RX are marked by the black triangle and square,
respectively, and are in fixed LOS positions for the entirety
of the measurements (the LOS can be fully or partially
obstructed during measurements). The TX antenna is properly
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Fig. 2: Measurement scenarios.

oriented towards the RX antenna. A measurement in the room
was made with no humans present; this serves as reference.

For reproducibility, the people involved remain in a fixed
predefined position during the recording phase. In subsequent
measurements, they move to another predefined position and
the recording repeats. The positions are labeled in Fig. 2 as
Py, where k = 1,2 is the person index, and | = 1,...,6
is the location index. Additional positions were used in the
campaign but are not related to the current study. For more
details, we refer to the previous work in [15].

B. Post-processing

The probe signal is the periodic repetition of a PN-sequence
with period 1023 chips. The recording of the received signal is
done by the DSO using an observation window of 860 ns and
a sampling time of 50 ps. The observation window is 40 ns
longer than the nominal duration of the signal, to allow the
complete decay of the channel impulse response (CIR) within
that time. Coherent demodulation of the received signals is
performed with a local carrier at a frequency of 4.78 GHz.

The CIRs are extracted through the CLEAN algorithm
[20], a successive interference cancelation approach for de-
convolution that estimates the arrival times and amplitudes of
multipath components (MPCs). For further details, see [15].

The recovered measurements and estimated CLEAN ar-
rival times are not synchronized in time with the start of
the transmission. That is because the output power of the
synchronization signal was too low to be detected by the
DSO. Hence, we synchronize the measurements and CLEAN
outputs by realigning the first peak of the measured power
delay profiles (PDPs) and CLEAN outputs to the LOS path
arrival time since the latter is always present (albeit partially
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Fig. 3: PDPs and CLEAN output of measurements for the
61.78 GHz band for one-human at position P 3

obstructed). This allows better identification of MPCs and
relating them to the geometry of the room.

III. RAYTRACER AUGMENTATION

To augment the existing measurements dataset, we devel-
oped a raytracer using MATLAB that simulates the mea-
surement scenario and saves the resulting channel parameters
(transmission angles, delays and powers of MPCs) for later
statistical fitting.

The raytracer was calibrated using the existing measure-
ment results (an example is shown in Fig. 3 where we
compare the PDPs and estimated CLEAN paths for the empty
room and in the presence of one human in the vicinity of the
LOS) by iteratively changing the simulation parameters to
account for particularities and non-idealities in the measure-
ments. These are, e.g., material types of the obstacles, offsets
in RX and TX positions, and orientation and beamwidth of
the horn antenna. The calibration was done in the empty room
so that the obtained raytracer PDPs are as close as possible
to the experimental profiles. The raytracer was also calibrated
on the cases with human presence near the LOS link P 3.
The human position, shape and permittivity were iteratively
changed to obtain the best agreement with the measurement
profiles. We found that modeling the human as an ellipse,
as in [21] and [8], with major axis length of 0.5 m and
minor axis length of 0.3 m (as in [12]), and using skin
permittivity (e, = 7.98—10.915 at 60 GHz [7]) gives the best
agreement between profiles. Since the TX antenna is highly
directional in the azimuth direction and is placed on top of
the desk where it is above the furniture, no other desks and
no furniture were included in the simulation, only the cabinet
(labeled A in Fig. 2). We noticed in the measured PDPs a
resonance of period 0.9 m due to a mismatch between the
cables and the rest of the RF chain, which occurred because
the measurements are from a previous campaign, described in
[15], that studied shadowing and pathloss, which require only
power calibration. This created additional ghost paths that are
not present in the raytracer profiles and cannot be related to
the geometry of the room. These periodic paths were ignored

Raytracer simulation
T

Fig. 4: Results of raytracing simulation in empty room.

Parameter Value
Launching beamwidth 30 degrees around LOS direction
Human Orientation 60 degrees

TX location (1.265m, 1.0908m)

RX location (4.52m, 3.9928m)

Human permittivity 7.98 — 10.915 (Skin [7])

3.08 — 0.055445 (Plasterboard
[22])

Upper wall permittivity

Lower wall permittivity 6.4954 — 0.42845 (Concrete [22])

Right and left wall permittivities 2.4845 — 0.062115 (Plasterboard

Smm [22])

Cabinet permittivity 6.3919 — 0.0003275 (Glass [22])

TABLE I: Raytracer simulation parameters

when calibrating the raytracer and only the paths that can be
related to the geometry were used for the calibration.

The raytracer launches rays in a specific beamwidth around
the LOS link, computes intersections and reflections of rays
from the obstacles in the environment (walls, windows, closet)
and the resulting reflection coefficients as [22]

_cosbly — /€ — sin? 6, 0

& cosy + Ve — sin? 6,

where 6y is the angle between the incident and reflected
rays, and €, is the relative permitivitty of the obstacle at
60 GHz. Launched powers of the rays need to be attenuated
according to the antenna gain pattern. Since this pattern was
not provided with the data sheet of the horn antenna, we tried
to fit measurement results with various shapes; we found that
a step-wise 3 dB decrease in power every 9° on both sides
of the LOS link, and assuming the power to be 0 outside
the launch beamwidth, gives the best agreement between
profiles. Free space path-loss and gains of all components
in the RF chain were taken into account as well. Note that
according to [10], diffraction can be neglected at 60 GHz
almost everywhere in a room except in a small region of
a few centimeters around the shadow boundary, so we can
safely ignore diffraction. We use a reception sphere around
the receiver of radius 0.1 m to collect the rays that are
incident around the omni-directional antenna. The simulation
parameters are shown in Table I and a visualization of the
rays is shown in Fig. 4 with the ray lengths overlayed.

The rays were reflected three times as we found it to be
sufficient for accurate results; each bounce is symbolized by




Number of humans Distribution Parameter | 1°° region | 27¢ region | 377 region | 4" region
One-human Normal N (u = 5.56, 52 = 7.86) a 4.889-10° 1761.879 -0.106 31.506
Two-human Normal N (p = 5.83,0° = 8.64) b 2.892-10° -6.744-10% | -1.398-10% | -3.647-10%
5 12 —4
TABLE II: Best fits of the number of MPCs due to human c ~4.889-10 4.78-10 0288 6519-10
d 2.892-108 -1.95.107 -1.551-10% | -9.472-107

presence for one- and two-humans

a different color in Fig. 4. After calibration, we simulate 500
different uniformly distributed random positions for the one-
human case and the two-humans case respectively, as we only
have measurements for two moving humans to compare to.
A higher number of humans will be part of future work.

IV. RESULTS AND ANALYSIS

We analyze the interarrival times, power statistics, root-
mean-square (RMS) delay spread, and number of additional
MPCs created by the humans. The below analysis is based on
the ensemble of 500 simulations for each number of humans.

For the interarrival times, we specifically select the MPCs
that have been reflected by the humans. It is important to
distinguish between rays and clusters. Most MPCs arrive in
clusters with small intra-cluster separations, this causes a peak
in the interarrival times distribution around very small values.
However, the MPCs inside each cluster may not always be
resolved by a system depending on the bandwidth used; in
other words the finite bandwidth results in “binning” of the
delays into groups, where the size of a bin is the inverse of
the bandwidth.

The interarrival time distributions resulting from a 10 GHz
bandwidth filter are shown in Fig. 5 for one- and two-humans,
respectively, with the best fit distributions. The interarrival
times are fitted to the exponential distribution and show a
good agreement, which confirms the assumption of Poisson
arrivals of MPCs. The decay time constant is 2.38 - 108 s~!
for the one-human case. Note that tighter filtering will lead to
a (slightly) slower decay constant, reaching 2.09-10® s=! for
2.1 GHz bandwidth (the narrowest bandwidth for 802.11ad
systems).

The decay constant of the fitted exponential distribution
for the two-humans case is 2.46 - 108 s~! for a 10 GHz
bandwidth, indicating a shorter interarrival time between
MPCs on average for two-humans. This is in line with the
intuition that a richer multipath environment arises due to the
additional human. This is also confirmed by the distribution
of the number of MPCs generated by human presence, with a
10 GHz bandwidth filter, for one- and two-humans in Fig. 6
and Table II. We can see that generally the two-humans case
leads to a higher probability of a large number of MPCs,
and to a higher variance. The best fit distributions for both
cases are (truncated) normal distributions shown in Fig. 6 and
Table II. Note that the estimated normal distributions should
be truncated to keep only the positive values when used in
simulations.

As for the RMS delay spread, its cumulative distribution
function (CDF) for the one- and two-humans cases is shown
in Fig. 7. We notice that the distributions are similar, which
is in line with the results of [17] for the 27 GHz band. The

TABLE III: Mean decay two-term exponential fitting results

delay spread for the static channel with no human present is
7.5 ns, which corresponds to the mean of the distributions in
Fig. 7.

To model the powers of the human generated MPCs, we
proceed in two steps: (i) modeling the average decay of the
powers over the ensemble of PDPs and (ii) modeling the
deviations from that average. This is in line with how to
use the resulting models to generate channel realizations for
simulation purposes.

First, we group the individual PDP realizations of each
simulation run into one “ensemble PDP”. Note that this is
not a “PDP” per se, since a PDP requires the wide sense
stationary - uncorrelated scattering (WSSUS) assumptions to
be satisfied, which is not the case here: WSSUS requires,
among other conditions, that the powers in the individual
contributions are constant and at the same delays for different
realizations, which is often violated for large-bandwidth chan-
nels, including the ones here. However, we will use the term
“ensemble PDP” as the average of the PDPs, for the purpose
of analysis of the channel properties over all realizations. For
a more detailed discussion of these aspects, we refer to [23].

The resulting ensemble PDP is shown in Fig. 8. We
notice similar regions of distinct behavior in the ensemble
PDPs for both one- and two-humans. The first region is a
deterministically decaying one where the delays correspond
to distances between 4.38 m and 5.16 m, which are MPCs
due to reflections when the humans are close to the LOS link,
hence the small additional delay (recall that the LOS link
is 4.36 m long). We fit this part to a two-term exponential
function of the form aeb® + ce?®, as this provides a better fit
than a one-term exponential. The rest of the PDPs follow a
decay with visible clusters (peaks in Fig. 8) each of which
we analyze separately for better accuracy. We identify three
regions associated with the three visible clusters and they are
denoted in Fig. 8. We fit the decay of each cluster to the same
two-term exponential function. The resulting parameters for
all regions are shown in Table III.

To model the deviations from this mean decay, we only
use the part after the deterministic first region, as this part
shows the variations. The empirical CDF of these deviations
for one- and two-humans is best fitted with a normal CDF
on a dB scale, hence a lognormal CDF on a linear scale. The
mean and standard deviation of the normal distribution for the
one-human case are 1.96 dB and 4.78 dB respectively, and
1.45 dB and 4.47 dB respectively for the two-humans case.
Both cases are shown in Fig. 9 on a dB scale.

Note that the similarity between the one- and two-human
cases in all the results is due to the small space in which
the humans can be placed, the orientation of the humans and
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and corresponding exponential fits for one- and two-humans
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the beamwidth of the launched rays. There are only specific
positions where the angles of reflection from the humans
reach the RX while obeying Snell’s law for this particular
orientation, and one human’s position can be outside of the
launch beamwidth while the other can be inside, potentially
leading to reflections that reach the RX. Finally, we show
how our models can be used to generate channel realizations
in the flowchart of Fig. 10

V. CONCLUSION

In this work, we studied the effect of human presence
for one and two humans on the indoor multipath channel
at 60 GHz. The analysis is based on real measurements that
were used to calibrate a raytracer and generate an extended
dataset to investigate. We validated the hypothesis that for the
60 GHz band, MPCs are generated according to a Poisson
process (exponentially distributed interarrival times) in the
presence of humans. No significant change occurs in the delay
spread when an additional human is present, similarly to the
literature on the 27 GHz band. Powers of the MPCs follow
an exponential decay on average with deviations that can be
modeled by a lognormal distribution in the linear scale. Future
work will include conducting new measurement campaigns,
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simulation of more than two humans, and modeling the
differential effect that each human produces on the multipath
channel.
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Correction

In Sec. II.A the paper states the following paragraph: “The resulting 60 GHz signal is sent through
a power amplifier (PA) and is transmitted from a vertically polarized horn antenna with gain 25 dBi
and beamwidth 9 degrees, mounted on a platform.”

However, the following text (bold) clarifies better the measurement setup characteristics:
on a platform and turned of 90 degrees around the axis corresponding to the main lobe of
its radiation pattern resulting in a horizontal polarization of the emitted radiation. This
way the collected measurements show the cross-polarization components detected by the
receiving, vertically polarized antenna.”
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