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Abstract—Due to the short range of wireless Personal Area
Networks (PANs), user proximity-induced effects have been
identified as a critical issue. The development and performance
simulation of PANs will therefore require an accurate channel
model that considers the effects of the human body, in particular,
various body sizes. This paper presents details of an extensive
measurement campaign for wireless PAN Ultrawideband (UWB)
multi-antenna propagation channels. The measurements were
done in an anechoic chamber environment using a 1 × 4 Single-
Input-Multiple-Output (SIMO) array channel sounding system
operating in the 2-10 GHz frequency band. Using a total of 60 test
subjects, we determine the Body Mass Index (BMI) dependence of
channel parameters such as mean path gain, shadowing gain and
delay spread. We find that in particular, PAN channel parameters
of test subjects with BMI > 30 show considerable differences to
those of subjects with typical BMI.

I. INTRODUCTION

There has been a siginificant growth in the number of
personal area network (PAN) devices of late due to increased
activity in the development of the Internet-of-Things (IoT). A
PAN is usually defined as a network used by wireless devices
positioned on the human body wishing to communicate with
other devices in a different physical location such as an access
point (AP), basically as an ”off-body” communication [1].
PANs cover typically within a range of 10 m and differ
from the traditional Wireless Local Area Network (WLAN)
channels, which have a larger coverage area and are not as
susceptible to human body influence.

Ultrawideband (UWB) radio has been embraced for improv-
ing short-range communication and localization in scientific,
military, and industrial applications [2]. UWB signals are
defined as either having more than 20% relative bandwidth or
more than 500 MHz absolute bandwidth [3] and are permitted
to operate in the 3.1-10.6 GHz frequency band in the USA.
Due to its low power, high data rate, and robustness to fading,
UWB radio has been suggested as the technology of choice
for implementing PAN communication.

For reliable communication system design and development,
the wireless channel in which a device will operate must
be properly characterized. Hence, comprehensive and realistic
representation of the PAN channel is crucial to the develop-
ment of wireless PAN system.

The Body Mass Index (BMI) is a measure of human
body fat based on height and weight [4], and implicitly for

the human body shape. It can thus be anticipated to be a
contributing factor to the characteristics of any on/off body
wireless propagation [5]. In the PAN channel, human body
tissues will have a significant effect on electromagnetic wave
propagation especially when different body types (i.e. BMI -
with different dimensions and tissue property) are considered.

Although several publications [6]–[10] have dealt with
channel measurements and modeling in PANs, none of them
have considered the effect that body size has on propagation
channel parameters. From narrowband channel measurements,
path gain model and shadowing correlation with respect the
user orientation were conducted in [6] while the impact of
human body shadowing on PAN MIMO channels at 2.45
GHz were studied in [7]. The effect of human presence in
PANs was investigated in [9] using a UWB (3.1-10.6 GHz)
setup while a path gain model for UWB off-body (3.5-6.5
GHz) was presented in [10]. In all the aforementioned works,
only a single human subject was used (usually with a BMI
< 25) and to the best of our knowledge we are unaware of
any measurements detailing PANs with a large sample size of
human subjects that allow analysis of different BMI categories
in an anechoic environment.

In this paper, we provide an extensive report on a channel
measurement campaign that employs our UWB multi-antenna
array system to perform PAN propagation channel measure-
ments in an anechoic chamber environment. We provide
estimates of extracted propagation channel parameters such
as pathloss and shadowing gain with respect to various BMI
categories.

This paper is organized as follows. Section II describes
the measurement environment investigated in this campaign
while Section III describes the measurement setup. Section
IV describes the data post-processing and results, conclusions
are inferred in Section V.

II. MEASUREMENT ENVIRONMENT

The measurements were conducted at the UltRa Lab facility
[11] located at the University of Southern California (USC)
in Los Angeles, CA, USA. The experiments were performed
in an anechoic chamber (Fig. 1) a 9.1 x 4.6 x 4.6 m Radio
Frequency (RF) shielded room, which serves as a controlled
environment with no reflections. In the anechoic chamber, the
human subjects were placed on an absorber platform labeled



as ’P’ in Fig. 1, at a distance 4.5 m from TX antenna. The
structural composition of the anechoic chamber remained fixed
for the duration of the entire measurement campaign.

III. MEASUREMENT SETUP

A task-specific propagation channel sounder systems (illus-
trated in Fig. 2) was developed for the PAN measurement
campaign. This channel sounder operates in the frequency do-
main using a vector network analyzer (VNA, Agilent 8720ET),
which performs a stepped frequency sweep over 801 sub-
carriers within a range of 2-10 GHz.

A single UWB Transverse Electromagnetic (TEM) horn
antenna was used at the TX end of the channel sounder setup
while an in-house developed XY3 omni-directional antennas
[12] was used in a 4-element switched uniform linear antenna
(ULA) array at the RX end. The RX antennas were placed
7.5 cm apart in a linear array configuration on a harness that
was worn by the test subjects and mounted so they can be
vertically polarized – parallel to the body surface and kept at
0.95 cm from the body to avoid the antenna directly contacting
the body as this would cause degradation in performance of
the antenna and significantly influence the path gain. Effects of
antenna proximity in human body related measurement have
been extensively discussed in [13].

The antennas were characterized as part of the propagation
channel in this work. This is necessary because the pres-
ence of large dielectric objects (the human body) throughout
the relevant propagation channel makes the extraction of a
double-directional channel representation1 difficult. Switching
between array elements was performed by Pulsar Microwave
(SW8RD13) RF switches [15] with switching time of 100 ns
and insertion loss of 3.5 dB. The RF switches were calibrated
separately with their system response subtracted from the
overall channel sounder response. Labview software was used
to activate/deactivate a control circuit for the RF switches
hence automating the channel measurement procedure. This
software was also responsible for handling the data acquisition
from the VNA. A list of equipment used and measurement
parameters are provided in Tables I and II.

The channels measured in this setup are the hip, front and
back channels with antenna placements shown in Fig. 4(a) -
4(c). The separation between the TX antenna and the location
of the human subject is about 4.5 m. For each measured
channel, the human subject was asked to rotate his orientation
at 45◦ increments from 0◦ to 315◦. The rotation is such that
the subject starts at 0◦ orientation with the broadside of the
RX antenna array perpendicular to the TX and moving in a
clockwise direction; for example in the hip and front channels,
the Line-of-Sight (LOS) to the TX will only occur when TX
is at 270◦ orientation while a complete Non-Line-of-Sight
(NLOS) is expected at 90◦ orientation (see Fig. 2).

We measured 60 male subjects with ages 18 years or older
with various BMIs. We could not conduct experiments with

1Though note that some recent attempt to de-embed the antenna effect from
the on-body propagation channel in [14].

Fig. 1: Setup for the PAN measurements in the anechoic
chamber

TABLE I: Hardware used in the channel measurement

Item Manufacturer Model No.
VNA Agilent 8720ET

TX/RX RF switch Pulsar Microwave SW8RD13
coaxial cables RF Industries RFW-5950-96

UWB Omni antennas XY XY3
UWB Horn antenna TL TS1

TABLE II: Measurement parameters

Parameter Setting
Bandwidth 8 GHz (2-10 GHz)

Center frequency, fc 6 GHz
TX Power -10 dBm

No. of Channels PAN 4/16
No. of sub-carriers 801

delay resolution 0.125 ns
Frequency resolution 9.98 MHz

female subjects since no female research personnel qualified
to work on this Instititional Review Board (IRB)-approved
project was available to work with female test subjects. The
male test subjects were categorized according to their BMI
values following a conventional medical classification [4] as

Fig. 2: UWB SIMO PAN measurement setup



shown in Table III. The recruited subjects were later grouped
such that there were 20 candidates per BMI category.

TABLE III: International classification according to BMI

Category BMI Value Classification
1 18.50-24.90 normal
2 25.00-29.50 overweight
3 ≥ 30.00 obese

A key assumption for our measurement is that the channel
is static. To fulfill this, we made sure there were no moving
scatterers in the vicinity of our measurement setup, and
also monitored and instructed all test subjects to keep still
while the measurements were being conducted. However, it
is important to note that due to the breathing of the human
subject and the harness worn during the channel measure-
ments, variations with root-mean-squared (rms) deviation of
0.27 dB were observed in the received power (over frequency)
when conducting consecutive (repeated) measurements. This
variation was investigated further by performing successive
measurements while the harness was placed on a test dummy,
which is a still/non-breathing object. We observed a variation
with rms deviation of 0.07 dB in power received; this we
attribute to measurement noise. Hence, it is important to keep
this in mind when interpreting our results.

A matter worth discussing is the limited (60) test population
size and lack of diversity among the test subjects, i.e., no
women (with an inherently different body shape) and children
under the age of 18 (with unusual body shapes during spurts of
growth). In the literature on BMI and obesity, there have also
been extensive debates over the use of BMI as a suitable mea-
sure for categorizing human body sizes. However, the BMI is
well suited for our measurement campaign because it provides
a needed single-parameter description of human body shape
and can be measured and categorized in a standardized way
(as opposed to, e.g., torso circumference). Future work will be
needed to overcome issues related to limited population. An
extensive discussion about these limitation has been provided
in [16].

IV. DATA POST-PROCESSING AND RESULTS

The transfer function of each SIMO channel can be rep-
resented as Hj,k,z,q,ψ,o, where j ∈ [1, 2, ..., J = 4] de-
notes the RX antenna position indices within the array,
k ∈ [1, 2, ...,K = 801] indexes the frequency points and
z ∈ [1, 2, ..., Z = 3] is the type of off-body channel
measured (with 1 denoting hip, 2 front, and 3 back). Also,
q ∈ [1, 2, ..., Q = 20] represents the index of people within
a BMI category , ψ ∈ [1, 2, ...,Ψ = 3] indicates the BMI
category and o ∈ [1, 2, ..., O = 8] indicates body orientation.
An inverse Fourier transform with Hanning windowing was
used to transform the transfer function Hj,k,z,q,ψ,o into the
impulse response hj,n,z,q,ψ,o. Note that similar parameter
indices are used in both the impulse response and transfer
function with the exception of the frequency bin index changed
to n ∈ [1, 2, ..., N = 801], where n indicates the delay

bin index. The instantaneous power-delay profiles (PDP) are
derived from the impulse responses by taking the magnitude
squared (Pj,n,z,q,ψ,o = |hj,n,z,q,ψ,o|2) of the impulse response.
For each SIMO channel, the instantaneous PDP were average
so as to reduce the small-scale fading, with the ensuing profile
being the average power-delay-profile (APDP, P̂n,z,q,ψ,o). To
minimize the influence of noise in our data evaluation, we
implemented noise thresholding, which sets all APDP samples
whose magnitudes are below a certain threshold to zero. The
threshold value is chosen to be 6 dB above the noise floor of
the APDP. Sample APDP plots obtained (before thresholding)
from different human body orientations for the TX-to-Front
channel for BMI 1 categories are shown in Figs. 3(a)-3(c).
It can be observed from the figures that the power of the
strongest multipath component (MPC) decreases as the test
subject rotates from LOS orientation (RX at 270◦) through
a right angle (RX at 180◦) to the NLOS (RX at 90◦). The
power decrease occurs as a result of the human body blockage
experienced while the test subject rotates. This blockage effect
will henceforth be referred to as the ”human body shadowing.”

Extraction procedure and results of parameters such as
path gain and shadowing in the various channels and BMI
categories are discussed subsequently.

A. Path gain Analysis

Path gain is typically defined as the difference between the
received and transmitted power. In this work, we derive a test
subject-dependent mean (over an ensemble of orientation) path
gain (Φ), an orientation-dependent mean (over an ensemble of
test subjects) path gain (β) and the equivalent mean path gain
(Gz,ψL ) from different channels for various BMI categories.

Firstly, the orientation-dependent path gain (Mz,q,ψ,o) is
derived as shown in (1),

Mz,q,ψ,o =

N=801∑
n=1

P̂n,z,q,ψ,o (1)

from which we derive Φ and β as shown in (2) and (3)
respectively.

Φz,q,ψ =
1

O

O=8∑
o=1

Mz,q,ψ,o (2)

βz,ψ,o =
1

Q

Q=20∑
q=1

Mz,q,ψ,o (3)

The values of β for different body orientations can be seen
in Table IV. It can be observed from Table IV that the values
of β vary over the body orientation (from LOS to NLOS).
This variation ranges between 8-9 dB in the hip channel and
11-14 dB in the front and back channels. Also, the empirical
cumulative distribution (CDF) plots showing the variation of
Φ (dB) across different BMI categories for the hip and back
channels are shown in Figs. 6(a) and 6(b).
GL is computed as the mean (using an ensemble of test

subjects and different body orientations) path gain as shown
in (4) with the values of GL also available in Table IV.
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Fig. 3: APDP from sample measured PAN channels at different RX orientations
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Fig. 4: (a) Hip (b) Front (c) Back Channels
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Fig. 5: Empirical CDF of the shadowing gain over the ensemble of body orientations (dashed) and corresponding Gaussian
distribution fit (solid) for the hip channel for one sample test subject each in categories (a) BMI 1 (b) BMI 2 (c) BMI 3 for
PAN.

Gz,ψL =
1

Q
· 1

O

Q=20∑
q=1

O=8∑
o=1

Mz,q,ψ,o (4)

It can be observed from Table IV, that GL varied across the
BMI categories with BMI 3 being 3-4 dB less than BMI 1 &
2.

B. Shadowing Analysis

In the case of our measurement setup, shadowing refers to
body shadowing, i.e., variations in the power due to different
orientations of the body [6]. Note that since there is no

movement, and the distance between TX and RX is always the
same, the traditional ”longitudinal shadowing” that describes
(typically lognormal) variations of the received power around
a power-distance law [17] does not exist. The shadowing gain
accounts for the variations of the received power relative to the
body orientation in different on-body channels with respect to
the BMI category in which the experiment is being conducted.
For each measured channel, the (normalized) shadowing gain
was obtained by dividing the path gain measured at each
body orientation by the mean (using the ensemble of body
orientations) path gain. A distribution of the (normalized)
shadowing gain over an ensemble of orientations is derived for



PAN path gain (β (dB))
Hip

Angles 0◦ 45◦ 90◦ 135◦ 180◦ 225◦ 270◦ 315◦

βBMI 1 -65.55 -66.56 -69.41 -66.19 -63.34 -62.64 -62.43 -62.80
βBMI 2 -65.62 -67.12 -70.53 -66.17 -63.72 -62.46 -62.40 -63.12
βBMI 3 -69.23 -67.93 -73.93 -68.77 -67.02 -67.43 -65.15 -66.70

Front
βBMI 1 -64.10 -67.05 -72.35 -68.45 -65.30 -62.93 -62.48 -63.09
βBMI 2 -63.28 -68.72 -76.83 -68.93 -64.11 -62.55 -62.07 -61.82
βBMI 3 -68.08 -68.82 -84.64 -75.90 -68.76 -66.27 -67.23 -64.95

Back
βBMI 1 -64.38 -61.58 -62.32 -62.77 -64.47 -70.65 -74.21 -70.71
βBMI 2 -64.70 -61.63 -61.40 -62.35 -63.88 -71.29 -75.63 -71.85
βBMI 3 -67.57 -64.21 -65.23 -65.88 -66.74 -74.03 -79.31 -76.38

PAN mean path gain (GL (dB)) and shadowing modeling
mean path gain (GL (dB)) shadowing parameters (dB)

BMI Hip Front Back Hip Front Back
1 -64.86 -65.72 -64.91 µs=3.35, σs=1.25 µs=6.26, σs=2.64 µs= 6.12, σs= 2.05
2 -65.14 -66.04 -65.59 µs=3.65, σs=1.59 µs=6.65, σs=1.84 µs= 6.52, σs=2.24
3 -68.18 -70.58 -69.92 µs=3.73, σs=0.94 µs= 7.64, σs=2.33 µs=7.75, σs=2.70

TABLE IV: Parameters extracted for various channels and BMI categories
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Fig. 6: Empirical cumulative distribution function (CDF) of
orientation-averaged mean path gain Φ (dB) over ensembles
of test subjects with corresponding Gaussian fit for (a) hip (b)
back channels for PAN

each test subject as shown in (5). This shadowing gain follows
a zero-mean lognormal distribution in each of the different
BMI categories as shown in figures 5(a)-5(c) with standard
deviation S. The standard deviation itself is a random variable
(over an ensemble of test subjects), which is characterized by
its mean (µs) and standard deviation (σs) as shown in (6) and
(7). The values of µs and σs for the different channels and
BMI categories are shown in Table IV. From Table IV it can
be observed that µs is about 3 dB for the hip channel while
ranging from 6-7 dB in the front and back channels. A slight
increase (≈ 1 dB) in µs value can be observed over the BMI
categories.

Sz,q,ψ = Do
{

10 · log10

(
Mz,q,ψ,o

Eo {Mz,q,ψ,o}

)}
(5)

µz,ψs = Eq
{
Sz,q,ψ

}
(6)

σz,ψs = Dq
{
Sz,q,ψ

}
(7)

where D{·} and E{·} are the standard deviation and the
expected value operators respectively.

V. CONCLUSION

We performed an extensive measurement campaign to un-
derstand the impact that BMI has on propagation channel
parameters in PAN channels using a self-developed UWB
SIMO measurement setup. We observed that β varied over
different body orientations in the different channels measured.
This variation constitute the human body shadowing observed
while the body rotated. The mean path gain GL varied across
the BMI categories with BMI 3 being 3-4 dB less than BMI
1 & 2. The mean of the standard deviation of the zero-
mean lognormally distributed shadowing gain was found to
be about 3 dB for the hip channel while ranging from 6-
7 dB in the front and back channels with a 1 dB variation
observed across BMI categories. Additional parameters (such



as the Rice factor and the correlation between elements of the
antenna array) evaluated were not presented in this paper due
to space reasons; for details see [16]. These results validates
our assumption that a one size fits all approach to channel
measurement and modeling is inadequate for PAN and any
model should be done with respect to various BMI categories.
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