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Abstract—This paper investigates the effects of a human body
shadowing for a device-to-device (D2D) communications scenario
at 28 GHz. The measurements are performed with a real-time
channel sounder equipped with fast-switching phased antenna
arrays, which enables the directionally resolved wideband mea-
surement of dynamic effects. By exploiting the phase coherence of
the setup, the multi-path components can be tracked over time, ob-
serving the temporal variations of the channel characteristics. This
paper presents results of the human body shadowing in an outdoor
(plaza) environment at two different link distances: 5 m and 10 m.
We then analyze results corresponding to the assumption of fixed
beams with different beamwidth, a 12◦ directional single beam and
a 102◦ sectoral combined beam. More importantly, for the first
time, the time-varying angular power spectrum and the temporal
evolutions of the mean angle and the angular spread statistics
in a dynamic channel of walking pedestrians are presented,
which cannot be measured with traditional horn antenna channel
sounders.

I. INTRODUCTION

Due to the ever-increasing demand for higher data rate,
shorter latency, wider coverage, better quality of service, and
improved energy efficiency, fifth generation (5G) wireless
systems are being developed for 2020 and beyond [1], [2],
[3]. One of the key technologies for 5G wireless systems
is millimeter wave (mmWave) communications [4], [5], [6].
The relatively large bandwidth available at mmWave frequency
bands - in contrast to overcrowded microwave frequency bands
- can enable multi-Gigabit-per-second (Gbps) communications
[6]. Hence, understanding and characterizing the real world
mmWave channels are essential to develop mmWave wireless
systems.

D2D communications is one of the growing applications
for 5G wireless systems. Hence, channel models for various
D2D communications scenarios must be developed. When a
person walks in between a signal path from one wireless
device to another, the path loss (or negative gain) for that
specific path increases due to blockage from human body. This
effect is more pronounced when the devices communicate with
narrow beams at Line of Sight (LOS), as with most mmWave
systems which needs to overcome the high free space path loss
using directional antennas. Human body shadowing statistics

at mmWave frequency band are therefore an important case of
time-varying path-shadowing to model.

Body shadowing effects were investigated by several re-
searches in the literature (due to space restrictions, we can only
cite representative examples here). Human body shadowing at
28 GHz was measured by [7], which included the effects from
varied human body directions and walking paths. This reference
observed that the human body shadowing loss varied from
6.3 dB to 15.6 dB, and compared the measured losses with the
proposed double-edge and multiple-edge diffraction methods.
In addition to a micro-cellular scenario measurement campaign,
the test measurements to see the effects of the blockage by
different types of body parts and their arrangements around the
antenna were performed in [8]. However, the presented results
were limited to sample measurements. Ref. [9] investigated the
user body effects at 28 GHz for three different antennas. The
observed losses varied depending on the use cases (such as talk
mode and data mode), ranging from 30 dB to 35 dB.

Many other body shadowing measurements at different
mmWave frequencies were performed as well. Of particular
interest is the 60 GHz frequency, where the reported power
losses due to human body shadowing varied from 5 dB
[10] to 40 dB [11], depending on measurement environment,
distance between the antennas, antenna beam-width etc. Ref.
[12] approximated the body shadowing model at 60 GHz
with the double knife-edge (DKE) method and the uniform
theory of diffraction (UTD) method. [13] compared the losses
caused by human phantoms with actual human test subjects.
Measurements at 73 GHz [14] observed losses between 6 dB
and 18 dB. The shadowing process was then modeled via
Markov models.

All the measurements discussed up to now were performed
with channel sounders which are not capable of acquiring
directionally-resolved impulse responses in dynamic channels.
Only Ref. [15] investigated the time-varying angular power
spectrum (APS), but it mostly focused on blockage and reflec-
tions due to vehicles. While it reported the moving pedestrians’
effects on the propagation channel, the shadowing effects were
not investigated. Consequently, the temporal characteristics of
the APS in the presence of human blockers are yet to be



explored. To fill this gap, we performed directionally-resolved
dynamic human body shadowing measurements with the real-
time channel sounder equipped with fast-switching phased
antenna arrays developed by USC and Samsung. We present
results of the human body shadowing loss measurements at
two different link distances: 5m and 10m. First, we present
the time-varying APS and the temporal evolutions of the mean
angle and the angular spread statistics in a dynamic channel of
walking pedestrians, which cannot be measured with traditional
channel sounders equipped with horn antennas [16], [17].
Furthermore, for a fixed orientation, we investigate the impact
of the beamwidth on the received power variations, with the
beamwidth ranging from 12◦ to 102◦.

The rest of the paper is organized as follows. Section II
describes the measurement setup and the environment. Section
III presents the time-varying APS and its statistics in a dynamic
environment. Section IV discusses shadowing loss due to hu-
man body. Finally, Section V summarizes results and suggests
directions for future work.

II. MEASUREMENT CAMPAIGN

In our measurements, we used a switched-beam, real-time,
wide-band mmWave channel sounder with 400 MHz bandwidth
[18], [19]. The sounding signal is a multi-tone signal which
covers 400 MHz with equally spaced 801 tones. A peak to
average power ratio (PAPR) as low as 0.4 dB is achieved by
adjusting the phases of individual tones as suggested in [20].
This allows the sounder to transmit with power as close as
possible to the 1 dB compression point of the power amplifiers
without driving them into saturation.

Both the transmitter (TX) and the receiver (RX) are equipped
with 2 by 8 rectangular phased array antennas capable of
forming beams with 12◦ and 22◦ beamwidths in azimuth and
in elevation respectively. The beams are electronically steered
with 5◦ resolution in the range of [−45◦, 45◦] in azimuth
and [−30◦, 30◦] in elevation. Compared to the rotating horn
antennas, the fast-switching phased antenna array decreases
the measurement time for directional sweeps from tens of
minutes to milliseconds. Consequently, investigation of angular
spectrum’s temporal dependencies which has not been possible
with the rotating horn antenna channel sounders is possible
[15].

During this measurement campaign, we only utilize 19
azimuth beams whose main directions are in the azimuthal
plane (elevation angle: 0◦). The azimuth angles range from
[−45◦, 45◦], separated by 5◦, at both the TX and the RX. The
total sweep time for 19∗19 = 361 TX-RX beam pairs (MIMO
sweep time) is 1.444ms. These MIMO sweeps are repeated
every 20ms to observe the temporal evolutions of the channel
characteristics, such as time-varying shadowing and APS.

By using GPS-disciplined Rubidium frequency references,
we were able to achieve both short-time and long-time phase
stability. Because the measurement time is also short, the
drift in the phase between the TX and the RX is limited.
This phase stability enables phase-coherent sounding of all

TABLE I: Sounder specifications

Hardware Specifications

Center Frequency 27.85 GHz
Instantaneous Bandwidth 400 MHz
Antenna array size 8 by 2
Horizontal beam steering 90◦

Horizontal 3dB beam width 12◦

Vertical 3dB beam width 22◦

Beam steering steps 5◦

Beam switching speed 2 µs
TX EIRP 28 dBm
RX noise figure ≤ 5 dB
ADC/AWG resolution 10/15-bit

Sounding Waveform Specifications

Waveform duration 2 µs
Repetition per beam pair 1
Number of tones 801
Tone spacing 500 kHz
PAPR 0.4 dB
MIMO sweep time 1.444 ms
MIMO repetition period 20 ms

beam pairs even when the TX and the RX are physically
separated and no cabled connection is available between them
for synchronization. Therefore, the power delay profile (PDP)
for each directional beam with 12◦ azimuth beamwidth can be
combined easily to acquire the sectoral PDP covering whole
102◦ in azimuth (90◦ of azimuth range combined with 12◦

beamwidth: [−51◦, 51◦]). The beams have sidelobes with levels
of up to -10 dB. Table I summarizes the detailed specification
of the sounder and the sounding waveform. References [18],
[19] discuss further details of the sounder setup, the validation
measurements, and the data processing.

Figure 1 depicts the measurement layout. For all measure-
ments, the TX and the RX are facing each other and their
bore-sights are aligned in azimuth. The measurements were
repeated for two different TX-RX distances: 5m and 10m.
The idle channel consists of a LOS path (0◦ in azimuth) and a
reflection path from the concrete pillar shown in the figure (35◦

in azimuth, when the distance between the TX and the RX is
5m - not available for 10m). The TX and the RX antenna
arrays are at the height of 1.55m and 1.65m respectively,
and two people who have participated in the measurement
were both about 1.76m tall. Thus, the setup corresponds to
D2D communications with devices in “talk” mode held near a
person’s ear. The idle measurement environment is shown in
Figure 2. Apart from the concrete pillar, all other objects seen
in the photo are out of the azimuth range for both the TX and
the RX.

As marked in the Figure 1, the pedestrians walked perpen-
dicular to the LOS between the TX and the RX. When the
LOS distance was 5m, the pedestrians crossed in-between the
TX and the RX twice. The first time was at 2.5m away from
the TX and the second time was 1.25m away from the TX.
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Fig. 1: Measurement Layout

Fig. 2: Idle Measurement Environment Viewed from RX

When the LOS distance was 10m, the pedestrians only crossed
the LOS at 2.5m away from the TX. The speed of pedestrians
was a normal walking speed (approximately 1.4m/s). There
were measurement when a single person walked within 5
seconds of time (“short measurement”) or when two people
walked in series multiple times for about 15 seconds (“long
measurement”), going across the LOS path and coming back,
perpendicularly to the LOS path. Observations of the data are
described in next sections.

III. OBSERVATION OF ANGULAR DYNAMICS

First, we analyze the APS from a “long measurement” case in
Figure 3. For this measurement, the TX and the RX were spaced
5m apart and the TX and the pedestrian 2.5m. Two people
(red and blue arrows on Figure 3) are walking in series one
after another. Each person first walks toward and past the pillar,
turns back, and walks back past the pillar to the initial position.
The shadowing effect of the human body on the LOS channel
(azimuth angle: 0◦) is noticeable; the path gain decreases by
about 10 dB for about 0.2 s, and increases again as soon as the
LOS path is reestablished (discussed again in the next section).
We also observe that the received power for all beams decreases
as the person passes through the LOS path. The reason for this
are the significant sidelobes of the beams, which account for
a significant fraction of the power observed in the non-LOS
beams.

However, the received power at 35 degrees azimuth (purple
regions from Figure 3) does not fade during the LOS body
shadowing. This is because the beam reflected off of the con-
crete pillar reaches the receiver even when the body shadowing
occurs at LOS. Trigonometry also verifies that the angle from
the LOS path and the path toward the pillar is 35 degrees. The
only time when the path gain at 35 degrees decreases is when
a person walks in between the pillar and the sounder, causing
a body shadowing for the reflected path.

We also observed reflections off the body of the walking
person, though interestingly this effect was limited to the
second person. Several power changes were detected when the
person was nearby the LOS path. The cause for the different
effect of the two persons remains unclear. Potential reasons
might be some difference in body widths, reflectivity of the
worn garments, or impact of the walking speed (slope of the
blue arrow is steeper than the red arrow on Figure 3, indicating
the first person walked faster than the second person). Further
studies to investigate the different walking speeds and different
body types will be a part of our future work.

The angular spread and the mean angle over time could also
be found from the dynamic angular measurement data. The
angular spread and mean angle are calculated using the formula
from [21], where

Sφ =

√√√√√∫ π/4
−π/4 |exp(jφ)− µφ|

2
APS(φ)dφ∫ π/4

−π/4APS(φ)dφ
(1)

and

µφ =

∫ π/4
−π/4 exp(jφ)APS(φ)dφ∫ π/4

−π/4APS(φ)dφ
, (2)

with Sφ the angular spread, µφ the mean angle, and φ as the
azimuth angle. The angular spread and the mean angle are
plotted on Figure 4. This plot agrees well with the observation
of APS dynamics as the angular spread and the mean angle
increase (up to 20.4◦ and 21.3◦ respectively) with the blocking
of LOS path and decrease (down to 11.6◦ and 3.5◦ respectively)
with the blocking of the reflected path.

IV. STATISTICS OF HUMAN BODY FADING

In total, three different cases of human body shadow-
ing are considered for statistical analysis: 1) 5m TX-
RX distance/2.5m TX-pedestrian distance, 2) 10m TX-RX
distance/2.5m TX-pedestrian distance, and 3) 5m TX-RX
distance/1.25m TX-pedestrian distance. More emphasis is put
on analysis of the first two cases due to availability of more
sampled data in such cases. In the following, we will analyze
the case that a single narrow 12◦ beam is pointed toward the
LOS direction at the TX and the RX, to the case of a combined
102◦ sector antenna beam at both link ends. The wider beam
cases are synthesized by appropriate combination of the results
with the narrow beams pointing into different directions. Note
that while we will show the path gain normalized to the same
power, the sector antenna with full 102◦ beam has a lower



Fig. 3: Angular Power Spectrum of Two People Walking (5m TX-RX dist./2.5m TX-Ped dist.)

Fig. 4: Angular Spread and Mean Angle of Two People Walking (5m TX-RX dist./2.5m TX-Ped dist.)

beamforming gain (by 9.3 dB) than the 12◦ beam, so that in an
actual system, the static SNR would be proportionately lower.

Figure 5 shows two sets of graphs representing the changes
of path gains during the human body shadowing. The first
set represents a measurement sample of power changes for
case 1 while the second set represents case 2. Wide beam
and narrow beam correpond to 102◦ beam and 12◦ beam
respectively. Two graphs within each set come from the same
measurement sample, only processed differently to construct
narrow directional and wide sectoral beams, as described above.
Graphs are also normalized in terms of power (to the average
power received without pedestrian) and time (to 0.75 s prior to
experiencing maximum fading). The upper figure demonstrates
the shadowing gain difference for the directional and the
sectoral beams when the TX and the RX are 5m apart. The
directional beam has 9 dB less power than the sectoral beam
because the directional beam is fully blocked by the human
body while the sectoral beam uses the pillar to obtain the
reflected path to the RX. However, the power from the reflected
path is much weaker when the TX and the RX are 10m apart,

so the difference between the directional beam and the sectoral
beam is only 0.6 dB.

The cumulative distribution function (CDF) for the minimum
blockage gains for 9 samples of case 1 and 13 samples of
case 2 are plotted on Figure 6. The sectoral and directional
CDFs at 10m are closer to one another than the CDFs at
5m. The differences in gains ranged from less than 2.5 dB
to 9 dB for case 1 and 0.5 dB to 7 dB for case 2. As seen from
Figure 6, 7 dB difference in case 2 is rather an outlier, with
an inconclusive explanation. In most cases, the difference in
directional and sectoral gains is less than 2 dB for case 2.

Figure 7 shows the relationship between the beamwidth used
at the TX and the RX and the attenuation induced by the
blocking of a person that is located at the LOS connection.
The attenuations were computed in the following way: for
each of 5 Case 1 measurements (3 short measurements and
2 long measurements) and 3 Case 3 measurement (all short
measurements), we determined the maximum attenuation per
situation where the person blocked the LOS. The average
of those maximum attenuations was then used as the basis
for Figure 7. The received powers wer evaluated when using



Fig. 5: Normalized Human Body Shadowing Gain for Sectoral
and Directional Beam When Link is 5/10m Apart

Fig. 6: CDFs of the path gain for Sectoral and Directional Beam
When Link is 5/10m Apart

different beamwidths, in steps of 10◦ from 12◦ to 102◦. This
figure shows that the normalized power gain is at lowest when
the beamwidth is 12◦. The power received as a function of the
beamwidth, which ranges from 22◦ to 52◦ are bigger than the
power received with 12◦ beam due to diffraction around the
body. However, note that this figure does not take into account
the change in antenna gain as the beamwidth varies. Between
52◦ and 82◦, the received power increases as the wider beams’
edges reflect from the pillar. The power level stays consistently

Fig. 7: Normalized Power Gain at Different Beamwidths When
Link is 5m Apart

TABLE II: Comparing Blockage Gains from Different Cases
(in dB)

Distance between TX-RX/TX-Body

5m/2.5m 10m/2.5m 5m/1.25m

3GPP Model -9.86 -8.61 -11.1

12◦ beam -11.3 -10.4 -17.5

102◦ beam -7.6 -9 -8.9

high after reaching 82◦ beamwidth.
Experimental mean blockage gains achieved from various

measurement cases were compared to the theoretical Blockage
Model B from Technical Report 38.901 of 3rd Generation
Partnership Project (3GPP). 38.901 is a study on channel
models at 0.5 to 100 GHz frequencies [22]. This blockage
model uses a geometric method to calculate the shadowing
loss from the blocker, simplifying a human body as a blocker
screen [22]. All three cases were considered in calculating the
blockage loss from the model. The width and height of the
blocker was assumed to be 0.3m and 1.78m respectively, to
model the blocker as close to human bodies from the actual
measurement as possible.

The comparisons of theoretical shadowing loss values ob-
tained from the modeling against the means of worst blockage
gain from a series of channel measurement experiments are
shown on table II. The fair comparison should be between
the loss obtained from the model with the results from the
directional beam (12◦ beamwidth), since the 3GPP Model B
does not take reflections into account. The blockage attenuation
observed in the experiments is less than that computed with the
model, by 1.5 to 6.4 dB. The differences were bigger for case
3, when a person was closer to the TX. 17.5 dB loss would be
computed with the model only if the body width was as long
as 1.3m, which is rather an unlikely scenario. The reason for
this large deviation could be due to the lack of the sample data
(only 3 data) for 1.25m TX-Pedestrian distance. For case 1
and 2, the experimental result was reached by the model if the
body was assumed to be 0.4m. While two people had body
width less than 0.4m, moving arms and walking legs could
have contributed to the width of the “blocker screen”.

Another interesting question left is the duration of the



Fig. 8: Path Gain Changes for Different Beams During Body
Fading

fading and whether to switch beams or not when such body
fading occurs. Because there is no concrete definition of fading
duration, we arbitrarily define the fading duration as the time
when the path gain falls below 3 dB from average path gain for
the unshadowed case. The average fading duration was 0.22 s
for 5m cases and 0.20 s for 10m cases. This duration could
obviously change depending on the walking speed or body size
of a person. Figure 8 shows a sample of blockage gain changes
for different beams over time, to see if an adjacent beam next to
the LOS beam or the reflected beam has any power advantage
over the LOS beam. The duration when the LOS power falls
below the reflected power was about 0.1 s and the maximum
power advantage of the reflected beam was about 6 dB. We
also observed that during the fading dip, the beam adjacent to
the LOS beam had higher power due to diffraction around the
body. Analysis of the relationship between the fading duration
and the beam switching is also shown in [23].

V. CONCLUSIONS

In this paper, human body shadowing was measured using a
sounder with fast-switching phased antenna arrays capable of
observing temporal variations in the channel characteristics at
various angles. The temporal evolution of angular statistics has
been analyzed, and the statistics of the human body shadowing
and its relations to the beamwidth have been demonstrated.
Future work will include more data collection (various walking
speeds, body types, body numbers, etc.) to provide a more
accurate statistical model, and high-resolution processing of the
data to obtain finer channel characteristics.
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