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A Measurement-Based Model of BMI Impact on
UWB Multi-antenna PAN and B2B Channels
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Abstract—Personal Area Networks (PANs) and Body-to-Body
(B2B) networks are of increasing importance for applications
ranging from medical monitoring to entertainment. The perfor-
mance of such networks is largely determined by the propagation
channels in which they operate, and which in turn are strongly
impacted by the human body/bodies in these channels. It is thus
essential to quantify the impact of different body types/sizes on
the channel characteristics for PAN and B2B channels. In this
paper we present an extensive propagation channel measurement
campaign in the 2-10 GHz frequency band for SIMO (single-
input-multiple-output) PAN and MIMO (multiple-input-multiple-
output) B2B channels. The measurements were done using 60
(for PAN) and 9 (B2B) human subjects, which had widely varying
Body Mass Index (BMI) values grouped into three categories. For
each BMI category, parameters such as the average path gain,
shadowing gain, root-mean-squared (rms) delay spread, channel
spatial correlation coefficients, amplitude fading statistics and
channel capacity values were extracted for both PAN and B2B
channels. Our analysis reveals considerable differences between
these parameters for different BMI categories.

Index Terms—propagation channel, personal area network,
Body-to-Body communication, body mass index

I. INTRODUCTION

RECENT years have seen an increasing interest in short-
range ”off-body” communications, where wireless de-

vices positioned on the body communicate with devices in a
different physical location [3]. Off-body communications can
be categorized into wireless Personal Area Networks (PANs),
i.e., links between a person and a nearby local Access Point
(AP) and Body-to-Body (B2B) communication networks, i.e.,
from a wearable device on one body to that on another body.
PANs and B2B networks are usually defined as networks
where transmitter (TX) and receiver (RX) are within a range
of about 10 m [4]. They differ from traditional Wireless
Local Area Networks (WLAN), which have a larger coverage
area and are not as susceptible to the human body influence.
PAN applications include communications from APs to body-
mounted devices for medical monitoring, entertainment (gam-
ing) and computation, while B2B applications are prevalent in
emergency services such as on-body sensor node communica-
tion between firefighters, medical monitoring, communication
between military personnel, and sports and entertainment [5]–
[8].

Ultrawideband (UWB) radio technology has been consid-
ered over the years as a promising candidate to enhance
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communication and localization in scientific, military, and
industrial applications [9]–[12]. UWB signals are defined as
either having more than 20% relative bandwidth or more than
500 MHz absolute bandwidth [13] and are permitted to operate
in the 3.1-10.6 GHz frequency band in the USA [14], while
occupying the 4.2-4.8 and 6-8.5 GHz bands in Europe and 3.4-
4.8 and 7.25-10.25 GHz bands in Japan [15]. UWB radio, due
to its low power, high data rate, and robustness to fading has
been suggested as the technology of choice for implementing
PANs and B2B networks. Also, the use of multiple antennas
has been suggested for both PAN and B2B to increase channel
capacity and robustness to fading.

Knowledge of the channel in which any wireless system
will operate is essential for developing a reliable system.
Hence, comprehensive and realistic characterization of off-
body channels is crucial to the development of any wireless
PAN and B2B system. Furthermore, theoretical and practical
investigations have revealed that the behavior of narrowband
and UWB channels are remarkably different [16], [17], hence
the need for a proper characterization of the UWB PAN and
B2B channels.

Due to the short distance between PAN and B2B TX and
RX, user proximity-induced effects such as human body block-
age have been identified as a critical issue in these channels.
For the human body interaction with the electromagnetic wave
propagation, the human body size and tissue types, which
can be compactly described by the Body Mass Index (BMI),
have an important impact [18]–[21]. Although the dielectric
properties of biological tissues from different human body
parts and (electromagnetic wave) frequency ranges have been
described in [22], yet, to the best of our knowledge, the impact
of different BMI categories on propagation in PAN and B2B
channels has not yet been investigated in the literature. Most
existing measurements only involve test subjects with BMI
values < 25, and furthermore have a very limited number of
test subjects (one or two).

A. Related works

Although several publications [3], [4], [23]–[43] have dealt
with PAN and B2B channel measurements and modeling, none
of these have considered the effect of body size on propagation
channel parameters. We categorize existing results as:
• PAN works
(i) Narrowband single-antenna measurements: [3] studied

the received signal characteristics in an indoor environ-
ment at 5.8 GHz. [23] investigated the characteristics
of the shadow fading observed in off-body communi-
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cations channels at 5.8 GHz. Narrowband static and
dynamic on-body to off-body channel measurements
were conducted at 427, 820 and 2360 MHz frequency
bands in [42].

(ii) Narrowband MIMO measurements: path gain model
and shadowing correlation with respect to the user ori-
entation at 5.8 GHz were provided in [4]. The impact
of human body shadowing on PAN MIMO channels
at 2.45 GHz were studied in [24] and [25]. [26] and
[27] studied the spatial diversity and correlation for
off-body communications in indoor environments at
868 MHz and 5.8 GHz respectively. The interaction
between the human body and handheld transceivers at
5 GHz in a PAN channel was investigated in [28]. Nar-
rowband characterization of off-body communication
channels at 2.4 GHz was conducted on 8 adult sub-
jects in [43]. An open-access database, which contains
hundreds of hours of all narrowband measurements
conducted in [42], [43] can be accessed in [44].

(iii) UWB single-antenna measurements: UWB channel
measurements from different parts of the body to an
access point were provided in [29]. The effect of
human presence in PAN channels was investigated in
[30] using a UWB (3.1-10.6 GHz) setup while path
gain model for UWB off-body (3.5-6.5 GHz) was
presented in [31].

(iv) UWB MIMO measurements: In our conference paper
[1], we provided preliminary results for the chan-
nel measurement campaign that underlies the current
paper, in particular, mean path gain and shadowing
gain, however, we did not provide other parameters
(and their statistics) needed to fully model the BMI
dependent PAN channel.

With the exception of our conference paper [1] and refs.
[42], [43], all other measurements (in the literature) were
done with only a single test subject. Even for the single-
subject case, we are not aware of UWB SIMO or UWB
MIMO PAN measurements.

• B2B works
(i) Narrowband single-antenna measurements: [36] pro-

vided a path gain model for B2B channels at 2.45 GHz.
(ii) Narrowband MIMO measurements: The mean path

gain and body shadowing in a B2B channel were
characterized at 2.45 GHz in [33]. Fading in B2B
channels was investigated in [34], also at 2.45 GHz,
while characterization of channel transfer functions for
B2B channels at 2.48 GHz was conducted in [35].
A channel model whose components and parameters
directly depend on the mutual body position in terms
of distance and orientation was provided in [37] while
macro- and micro-diversity in indoor B2B channels at
2.48 GHz were studied in [38]. Cooperative commu-
nication in multiple (coexisting) wireless body area
networks was explored in [45] with measurements
conducted at 2.36 GHz using multiple test subjects.

(iii) Wideband MIMO measurements: A detailed system
analysis for B2B channels in a wideband 80 MHz (cen-

(a) (b)

FIG. 1: (a) TX antenna placement in the anechoic chamber (b)
platforms for test subject placements for PAN and B2B setups

tered at 3.6 GHz) multi-antenna setup was provided in
[39], while an indoor multi-antenna channel charac-
terization was provided using a 100 MHz bandwidth
(centered at 5.5 GHz) in [32].

(iv) UWB MIMO measurements: In [40], measurements
were conducted with a UWB setup with frequency
ranging from 2 to 8 GHz. In our conference paper
[2], sample results of the mean path gain, shadowing
gain and delay dispersion analysis were provided for
the channel measurement campaign that underlies the
current paper. However, we did not provide other
parameters (and their statistics) needed to fully model
the B2B channel.

All measurements in the papers listed were done with a
single pair of test subjects with the exception of [33]
in which a combination of two pairs of human test
subjects were used, [45] in which 8 test subjects were
used (additional narrowband measurement data for up to
10 test subjects have been provided in [44]), and our
conference paper [2], in which a total of 9 test subjects
were used.

B. Contribution

As can be seen from above, with the exception of [42], [43]
(in the narrowband PAN case), all other models provided in
the literature, irrespective of the frequency band, are based on
measurements or analysis on a single person. We are unaware
of any measurements detailing UWB MIMO PAN or B2B
channels with a large sample size of human subjects that allow
for the analysis of different BMI categories. In this paper, we
remedy this by investigating the impact that BMI has on UWB
SIMO/MIMO PAN/B2B channels. Measurements are done in
an anechoic chamber, in order to clearly work out the impact
of the human body (as opposed to environmental scattering).
The contribution of this paper can be summarized as follows.

1) We provide an extensive report on the channel measure-
ment campaign that employs our UWB multi-antenna
array system to perform the PAN and B2B propagation
channel measurements in an anechoic chamber.

2) We provide estimates of extracted propagation channel
parameters such as path gain, shadowing gain (”bulk” and
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”sub-band”), rms delay spread, amplitude fading statis-
tics, spatial correlation and channel capacity values in
both PAN and B2B channels for various BMI categories.

3) We propose a UWB multi-antenna model for the PAN
and B2B channels that takes the BMI into consideration.
The model is validated by showing that parameters ex-
tracted in two different sub-groups of human subjects are
similar and comparable to results when all sub-groups are
combined. Furthermore, we demonstrate that the capacity
CDF (Cumulative distribution function) generated from
our model shows good agreement with the capacity CDF
obtained from from the raw measurement data.

C. Organization

This paper is organized as follows. Sections II and III de-
scribe the measurement environment and measurement setup,
respectively. Limitations of our study are discussed in section
IV. Section V details the data evaluation. Results are discussed
in section VI while model validation is provided in section VII.
Conclusions are drawn in section VIII.

II. MEASUREMENT ENVIRONMENT

The measurements were conducted at the UltRa Lab facility
[46] of 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.

For the PAN measurements the human subjects were placed
on absorber platforms labeled as ’P’ in Fig. 1, at a distance 4.5
m from the TX antenna while for the B2B measurements TX
and RX antenna array bearers where positioned on absorber
platforms labeled ’P’ and ’Q’, separated by 1.35 m.

III. MEASUREMENT SETUP

Two propagation channel sounder systems were developed
for the PAN and B2B measurement campaigns as shown in
Figs. 2(a) and 2(b). Both systems are based on a vector net-
work analyzer (VNA, Agilent 8720ET) for a stepped frequency
sweep using 801 frequency points over a range of 2-10 GHz.

A. PAN setup

In the SIMO setup used for the PAN measurements, a
UWB TEM horn antenna [47] was used at the TX end
while a 4-element switched uniform linear antenna (ULA)
array configuration was used at the RX end whose elements
are in-house developed XY3 omni-directional antennas [48].
The TX and RX were separated (in distance) by about 4.5
m. The RX antennas were placed 7.5 cm apart in a linear
array configuration. Switching between array elements was
performed by Pulsar Microwave (SW8RD13) RF switches
[49] 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 channel sounder response.
Although there has been some recent work aimed at de-
embedding the antenna effect from the on-body propagation

channel [50], [51], antennas are interpreted as part of the
propagation channel in this work. This is necessary because
the presence of large dielectric objects (the human body)
throughout the relevant propagation channel makes difficult
the extraction of a double-directional channel representation
[52]. The antenna arrays were placed on a harness that was
worn by the test subjects on their bodies 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 to the body in human
body related measurements have been extensively discussed in
[53].

The channels measured in this setup are the hip, front and
back channels, with antenna placements shown in Fig. 3(a)-
3(c). 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 LOS to the TX will only occur
when the TX is at 270◦ orientation while a complete NLOS
is expected at 90◦ orientation (see Fig. 2(a)).

Parameter Setting
Bandwidth 8 GHz (2-10 GHz)

Center frequency, fc 6 GHz
No. of Channels PAN/B2B 4/16

No. of sub-carriers 801
delay resolution 0.125 ns

Frequency resolution 9.98 MHz

TABLE I: Measurement parameters

B. B2B setup

For the B2B measurement, a MIMO setup comprising of
a 4-element switched ULA configuration was used at both
the TX and RX ends using the aforementioned XY3 omni-
directional antennas. The antennas were also placed 7.5 cm
apart in a ULA configuration at the TX and RX ends (see Fig.
2(b)) while switching between array elements was performed
by TX and RX RF switches. The channels measured in this
setup are the front and back channels. As in the PAN case,
each human subject was asked to rotate his orientation in 90◦

increments (clockwise direction) from 0◦ to 270◦ relative to
the other human subject’s current orientation such that a 0◦ to
270◦ orientation will be covered at both TX and RX ends.

Item Manufacturer Model No.
VNA Agilent 8720ET

TX RF switch Pulsar Microwave SW8RD13
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: Hardware used in the channel measurement
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(a) (b)

FIG. 2: (a) UWB SIMO PAN measurement setup (b) UWB MIMO B2B measurement setup

(a) (b) (c)

FIG. 3: (a) hip (b) front (c) back Channels

A list of all equipment is given in Table II while all
parameter settings for the channel measurement are shown in
Table I.

C. Human subject selection

A total of 60 male subjects with ages 18 years or older
with various BMIs participated in the PAN measurements. The
test subjects were categorized according to their BMI values
following a conventional medical classification [54] as shown
in Table III. There were 20 candidates per BMI category1 in
the PAN measurements. For the B2B measurements 9 subjects
(3 per BMI category) were used. Both intra- and inter-BMI
categories measurements were conducted. We could not con-
duct experiments on female subjects since no female research
personnel qualified to work on this Institutional Review Board
(IRB)-approved project were available to work with female test
subjects.

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

TABLE III: International classification according to BMI

A key assumption for our measurement is that the channel is
static. To fulfill this, we made sure that there were no moving
scatterers in the vicinity of our measurement setup, and also

1Note that the range of height of our test subjects within each BMI category
are: BMI 1 = (min – 165cm, max – 187 cm), BMI 2 = (min – 159cm, max
– 186cm), BMI 3 = (min – 161cm, max – 178cm).

monitored and instructed all test subjects to keep still while
the measurements were being conducted.

IV. LIMITATIONS OF OUR STUDY

The limited test population size and lack of diversity, i.e.,
absence of women (with an inherently different body shape)
and children under the age of 18 (with unusual body shapes
during spurts of growth) constitute limitations of our study.
Measurements on the aforementioned subpopulation could
lead to significantly different results from what is presented in
this paper.

Another limitation is the use of BMI as a suitable measure
for categorizing human body sizes in clinical and scientific
research. This has been deemed debatable in a number of
works such as [55] and [56]. While caution should be taken
when BMI is used in clinical and scientific research, we use
it here for categorizing different body sizes in the PAN and
B2B propagation channel measurements and model for the
following pragmatic reasons: (i) it provides a needed single-
parameter description of human body shape (a description by
more parameters would require more test subjects for statis-
tical significance), (ii) it can be measured and categorized in
a standardized way (as opposed to, e.g., torso circumference)
(iii) it is available for a very large population group since the
underlying parameters, height and weight, are measured both
at home and at every doctor’s visit.

Finally, some of the propagation channels measured in this
work can be categorized into Line-of-sight (LOS) channels
and Non-line-of-sight (NLOS) channels as will be discussed
in subsequent sections. It is important to note that the term
”LOS” and ”NLOS” channels are only valid for static mea-
surements such as the ones presented in this paper. As stated
in [57], these terms are not valid in a dynamic scenario as body
movement would significantly change the channel – obscuring
the distinction between these two types of channels. The
parameters extracted in this work such as path and shadowing
gain (also to be discussed in subsequent sections), etc., are all
empirically determined in a static scenario and are thus only
relevant in a static scenario.

Future work will be needed to overcome issues particularly
in limited population used in our study and the use of BMI
as a suitable measure for categorizing human body sizes. An
extensive discussion about the limitations of this study and
other body-related channel measurements can be found in [20].
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V. DATA EVALUATION

Due to differing measurement setup and data storage struc-
ture, the evaluation procedures for PAN and B2B channels are
discussed separately.

A. PAN Channel

For this measurement, the transfer function of each SIMO
channel can be represented as Hj,k,z,q,ψ,o, where j ∈
[1, 2, ..., J = 4] denotes the RX antenna position within
the array, k ∈ [1, 2, ...,K = 801] indexes the frequency
points, z ∈ [1, 2, ..., Z = 3] is the type of off-body chan-
nel measured (with 1 denoting hip, 2 front and 3 back),
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. The transfer
function Hj,k,z,q,ψ,o was transformed to the delay domain by
using an inverse Fourier transform and a Hanning window (to
reduce side-lobes). The resulting impulse response is denoted
as hj,n,z,q,ψ,o, using similar index parameters representation
as those of the 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. The influence of small-scale fading is
reduced by averaging the PDP over all SIMO channels so as
to obtain the average power-delay-profile (APDP, P̂n,z,q,ψ,o).
Sample APDP plots obtained from different human body
orientations are provided in [1].

B. B2B Channel

The transfer function for the MIMO channel in the B2B
measurements can be represented as H

′

i,j,k,υ,κζ ,ξ,r,w
, which is

similar to that defined for the PAN (SIMO) with the addition
of i ∈ [1, 2, ..., I = 4] denoting the TX antenna position
indices within the array, the ξ ∈ [1, ...,Ξ = 2] denoting the
B2B channels measured (1 denoting front and 2 the back),
υ indicates the counting index of the candidate within each
BMI category, κζ denoting the BMI categories with ζ = 1
indicating intra-BMI category and ζ = 2 indicating inter-BMI
category. r ∈ [1, 2, ..., R = 4] and w ∈ [1, 2, ...,W = 4]
indicates the body orientation of TX and RX arrays respec-
tively. An inverse Fourier transform and a Hanning window
approach is used to compute the impulse response from which
the instantaneous PDP (P

′

i,j,n,υ,κζ ,ξ,r,w
) is derived while the

APDP (P̄n,υ,κζ ,ξ,r,w) in this case can be obtained by averaging
over antenna elements at both TX and RX. Sample APDP plots
obtained from different human body orientations are provided
in [2].

VI. RESULTS

We next discuss results of channel parameters such as
path gain and shadowing gain using bulk (aggregation of
all frequency bands) and sub-band (computations over select
frequency bands) approaches in both PAN and B2B channels.
We also discuss the rms delay spread, spatial correlation, am-
plitude fading statistics and capacity of all channels measured.

A. PAN Modeling

For the PAN and B2B evaluations, no distance dependence
of path gain was considered, since measurements were done
only at a single distance. Since measurements were done in
an anechoic chamber, we conjecture that a simple d2 scaling
of the results would be valid, but this could not be verified
experimentally due to the limitations of chamber.

1) Path gain analysis: For each test subject, we compute
the orientation-dependent path gain (Mz,q,ψ,o) as shown in
(1) from which we derive a test subject-dependent mean (over
an ensemble of orientations) path gain (Φ) and an orientation-
dependent mean (over an ensemble of test subjects) path gain
(β) as shown in (2) and (3) respectively. The variation in
orientation-dependent mean path gain values over different
body orientations can be seen in Table IX.

Mz,q,ψ,o =

N=801∑
n=1

P̂n,z,q,ψ,o, (1)

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)

Gz,ψL =
1

O

O=8∑
o=1

βz,ψ,o. (4)

The mean path gain (GL) is then computed by averaging β
over different body orientations as shown in (4). The values for
GL) is also shown in Table IX. From the values in the Table
IX, it can be observed that β changes over body orientation
(from LOS to NLOS) by about 8-9 dB in the hip channel
and 11-14 dB in the front and back channels across all BMI
categories. Sample plots of Φ for the hip and back channels
in various BMI categories are shown in Figs. 4(a) and 4(b) in
which it is clearly observable that values of Φ are much lower
in the BMI 3 category than BMI 1 and 2.

Also from Table IX, GL generally changes over the BMI
categories with BMI 3 being 3-4 dB less than BMI 1 & 2.

2) Shadowing analysis: Since the measurements were done
in an anechoic chamber, no environmental shadowing oc-
curred; ”shadowing” and ”human body shadowing” becomes
synonymous henceforth. For each test subject, a distribution of
the (normalized) shadowing gain over an ensemble of orienta-
tions is derived as shown in (5). This shadowing gain follows
a zero-mean lognormal distribution with standard deviation S
[1]. 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). The values of
µs and σs for the different channels and BMI categories shown
in Table IX. To ease further discussions, we will henceforth
refer to µs as the ”effective body shadowing gain (EBSG)”
and σs as the ”effective body shadowing deviation (EBSD).”
From Table IX it can be observed that EBSG is about 3 dB
for the hip channel while ranging from 6-7 dB in the front and
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FIG. 4: 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.

back channels. A slightly increase (≈ 1 dB) in EBSG value
can be observed over BMI categories.

Sz,q,ψ = Do
{

10 · log10

(
Mz,q,ψ,o

Eo {Mz,q,ψ,o}

)}
(5)

µz,ψs = Eq
{
Sz,q,ψ

}
, σz,ψs = Dq

{
Sz,q,ψ

}
(6)

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

3) Path gain analysis over sub-bands: Further insights
to the path gain can be obtained by considering the channel
responses within frequency sub-bands (∆f ). ∆f needs to be
chosen small enough so that diffraction coefficients, dielectric
constants, etc., can be considered constant within that band-
width; we chose ∆f to be 1 GHz. The extraction of channel
impulse responses and path gain within each sub-band are
similar to the procedure in Sec. V-A and Sec. VI-A.1.

Following the IEEE 802.15.4a standard model [58], a linear
regression fit of the path gain over the sub-band frequencies

was performed as

Ĝ(f)(dB) = A · 10 · log10

(
f

f0

)
+ B(dB), (7)

where Ĝ(f)(dB) is the frequency-dependent mean path gain
and f0 is the reference frequency 2.5 GHz, which corresponds
to the center frequency of the first sub-band. A is the slope and
B is the intercept to the ordinate at the reference frequency;
the parameters A and B are tabulated in Table IV. We find that
BMI 3 tends to show a larger slope than the other channels.
This is intuitive, as the blocking by a large body is especially
significant at higher frequencies.

4) Shadowing analysis over sub-bands: For each sub-
band, the EBSG, i.e., µs, was computed using a similar
procedure as done in Sec.VI-B.2. A linear regression fit was
also implemented to observe the variation of EBSG over the
frequency sub-bands. Sample channels (hip and front) are
shown in Figs. 5(a) and 5(b) while all fitting parameters are
provided in Table IV.
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FIG. 5: Linear fit for EBSG (µs) at various BMI categories (a)
hip (b) front channels in PAN

It can be observed from Figs. 5(a) and 5(b) and parameters
in Table IV that EBSG tends to increase with increasing
frequency for all BMI categories. However, no unambiguous
trend over BMI indices could be observed.
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Mean path gain (GL) from sub-banding Shadowing (µs) from sub-banding
hip front back hip front back

A B (dB) A B (dB) A B (dB) As Bs (dB) As Bs (dB) As Bs (dB)
BMI 1 -0.14 -62.41 -0.05 -64.92 -0.04 -65.40 1.06 1.92 0.99 5.22 0.96 6.32
BMI 2 -0.07 -64.28 -0.02 -65.54 -0.34 -65.72 0.83 3.45 0.85 5.78 1.05 6.28
BMI 3 -0.97 -62.04 -0.56 -65.36 -0.50 -65.84 1.54 1.89 1.09 6.72 1.07 7.50

TABLE IV: Path gain and shadowing parameters (obtained from sub-banding processing approach) for channels from various
BMI categories in PAN

5) Delay dispersion analysis: The RMS delay-spread, τrms
is defined as the square-root of the second central moment
of the normalized APDP [59]. This parameter serves to com-
pactly describe the effects of delay dispersion in multipath
propagation environments [60].

The delay dispersion in the PAN channel mainly stems from
the interaction of the MPCs with different human body parts
such as head, hands and torso [20]. The rms delay-spread was
computed directly from the APDP as described in [61]. The
logarithmic values of the mean (averaged over all orientation
and ensemble of test subjects within each BMI category)
τrms computed for various channels and BMI categories are
provided Table IX. There is a considerable difference in delay
dispersion between the BMI categories, with BMI 1 having
a higher dispersion than BMI 2, while BMI 3 had the least
dispersion. This trend was also observed in on-body channels
as reported in [20]. The trend can be explained physically by
the fact that bodies with higher BMI shadow off parts of the
body farther away from the TX (e.g., the belly of a BMI 3
subject would more strongly shadow off the head from the TX
at the hip), thus reducing the impact of delayed MPCs.

6) Spatial Correlation: It is well established that the
correlation of signals at different antenna elements could
have adverse effects on the diversity in SIMO/MISO, and
the channel capacity of a MIMO system [59]. Correlation is
influenced by the angular spectrum of the channel as well as
the arrangement and spacing of antenna elements. A uniform
angular power spectrum leads approximately to a decorrelation
of the incident signal for antenna spacing ≥ λ

2 .
In our analysis, the magnitude of the correlation coeffi-

cients2 (|ρRX
e,l |) between sub-channels of the RX array were

computed. For each pair of sub-channels, the correlation
coefficient was computed for each body orientation measured,
while observing if these coefficient varied as the test subject
changes his orientation. We found these sub-channels to be
uncorrelated (with an average correlation coefficients of ap-
proximately 0.1) even as the test subject rotated his body
orientation. We observed that there was very little variation
(< 0.03) in the values of the coefficient for different angles
measured. We generated the CDF of |ρRX

e,l | by using an
ensemble of values over all test subjects within each BMI
categories and angles measured with a sample plot for the
back channel in a BMI 1 category provided in Fig. 6.

We did not observe any impact of BMI on the correlation
coefficient values.

2Note that e and l are indexes of different sub-channels.
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FIG. 6: Empirical CDF over of the correlation magnitude for
RX array over ensemble of test subjects and body orientations
for BMI 1 category in the back channel in PAN

7) Amplitude fading statistics: Fluctuation in the received
signal amplitude over the 1 × 4 SIMO sub-channels can
be attributed to the small-scale fading (SSF) on the body.
This fluctuation also stems from MPC interaction with local
scatterers such as head, arm, etc (depending on the channel
measured), which exist within the vicinity of the receiver [20].

In our work, the SSF was investigated by considering fading
on sub-carriers in different sub-bands (∆f = 1 GHz) over
the SIMO sub-channels. The choice of 1 GHz sub-band is
due to the non-stationarity of path gain observed over the
measured bandwidth thereby leading to a sub-division of the
bandwidth into 1 GHz sub-bands with less path gain variation.
Within each sub-band, sub-carriers which are 330 MHz apart
were chosen so as to reduce the bias introduced by possible
correlation between sub-carriers. The SSF statistics was found
to follow a Ricean distribution in our analysis with the Ricean
K-factor for each sub-band computed by using the methods
of moments as described by (1)-(9) in [62]. This Ricean K-
factor was subsequently averaged over the ensemble of sub-
bands. For each channel measured and body orientation, the
equivalent K-factor was modeled as a random variable using
the ensemble of test subjects within each BMI category. The
K-factor was found to be lognormally distributed with the
logarithmic equivalent of its mean (µK) and standard deviation
(σK) provided in Table IX. The results in Table IX seems
intuitive since a high Ricean K-factor is expected for the LOS
angle (i.e., 270◦), while smaller values are expected for other
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body orientations. Also, we did not observe any significant
dependence of the Ricean K-factor on BMI.

8) Channel capacity: We analyzed the SIMO channel
capacities for the PAN channels measured for different BMI
categories in the anechoic environment. The SIMO channel
capacity was derived for two different TX power policies:

(i) constant TX power (this would be used, e.g., when TX
does not have channel state information (CSI)).

(ii) fixed RX Signal-to-Noise Ratio (SNR), i.e., perfect
power control.

The UWB capacity is computed as

C =
1

B

∫
B

log2|INR +
γ

NT
H(f)H(f)†|df, (8)

where H(f) is the un-normalized transfer function of the
channel under consideration, INR represents an identity matrix
with size NR x NR (NR – number of RX antenna array
element, NT – number of TX antenna array elements) and
B is the bandwidth of the considered system. † denotes the
Hermitian transpose. With the constant TX power assumption
case (listed above) the transmit SNR used was γ = 75 dB and
is calculated from PTX

N0
where PTX is the transmitted power and

N0 is the noise power per sub-carrier, while a receiver SNR,
γ = 22 dB +

(
10 · log10

{∫
f
|H̃(f) · H̃(f)†|df

})
is used in

the case where a constant RX power is assumed. This means
that the power control compensates for the SNR variations
due to the body rotation and different test subjects. Note that
in the constant RX power case a normalized transfer function
H̃(f) was used for the analysis. The mean (average over the
ensemble of test subjects) of the capacity (µcapacity) values are
shown in Table XI below.

It can be observed from the results in the constant TX
power case that the channel capacity values do in fact decrease
when going from LOS to NLOS orientation, with a difference
of about 3 b/s/Hz, which can be attributed to human body
shadowing. The capacity values also decrease with increasing
BMI. In the constant RX power analysis, the channel capacity
values do not exhibit a significant variation over the body
orientation.

B. B2B Modeling

1) Path gain analysis: For a pair of test subjects either
belonging to the same intra-BMI category or different inter-
BMI categories, we compute the orientation-dependent mean
power (M̃υ,κζ ,ξ,r,w) as shown in (9) from which we derive
the mean path gain G̃κζ ,ξL (see (10)) over an ensemble of test
subjects and body orientations.

M̃υ,κζ ,ξ,r,w =

N=801∑
n=1

P̄n,υ,κζ ,ξ,r,w, (9)

G̃
κζ ,ξ
L =

1

W
· 1

R
· 1

Υ

W=4∑
w=1

R=4∑
r=1

Υ=3∑
υ=1

M̃υ,κζ ,ξ,r,w (10)

The computed path gain for channels and BMI categories
measured are provided in Table X. A difference of about 3-
4 dB was observed between the mean path gain values in

the intra-BMI category from BMI 1 to BMI 2 & 3 while a
difference about 2-3 dB was observed in the inter-BMI case.

2) Shadowing analysis: The definition of the shadowing
gain is the same as for the PAN case; though evaluations
are done relative to a pair of test subjects and separately for
intra- and inter-BMI channels. We compute the mean of the
(normalized) shadowing standard deviation (µ̂ŝ) here as the
average over ensemble of test subjects (as shown in (11)) with
values provided in Table X. Also, for simplicity we refer to the
mean of the (normalized) shadowing standard deviation µ̂ŝ as
the ”effective pair body shadowing gain (EPBSG)”. Due to the
small number of subjects here, we could only provide a mean
value (i.e., EPBSG) as we could not compute the cumulative
distribution function (CDF). It can be observed that in the
intra-BMI category, EPBSG is about 3 dB higher for BMI 3
than BMIs 1 and 2 while a slight difference of about 0.5 to 1
dB exists in the inter-BMI category.

Ŝυ,κζ ,ξ = Dr,w

10 · log10

 M̃υ,κζ ,ξ,r,w

Er,w
{
M̃υ,κζ ,ξ,r,w

}
 ,

µ̂
κζ ,ξ
ŝ = Eυ

{
Ŝυ,κζ ,ξ

}
(11)

3) Path gain analysis over sub-bands: The path gain
analysis for different sub-bands was derived through a similar
procedure to Sec. VI-A.3 using a linear regression fit to
estimate the relationship between path gain over the different
sub-bands. All parameters related to our analysis for both
intra- and inter-BMI categories are provided in Table V.

4) Shadowing analysis over sub-bands: A linear regression
analysis was also implemented to characterize the relationship
between EPBSG (µ̂ŝ) and the sub-bands. Sample plots of µ̂ŝ
over different sub-bands for the front channel measured in
both intra- and inter-BMI categories are shown in Figs. 7(a)
and 7(b) below, while all parameters from the regression fit
are provided in Table V.

It can be observed from the results in Table V that µ̂ŝ
generally increased with frequency with the exception of BMI
3 measurement, which showed a decrease over frequency in
the intra-BMI case for the front and back channels measured.

5) Delay dispersion analysis: Using a similar procedure
as in the PAN analysis, the logarithmic values of the mean
(averaged over all orientation and ensemble of test subjects
within each BMI category) τ̃rms computed for the intra-
and inter-BMI categories are provided in Table X below.
Considerable difference in delay dispersion between the BMI
categories exists in this case as well, with BMI 1 having a
higher dispersion than BMI 2, while BMI 3 had the least
dispersion. The dispersion in the inter-BMI categories seems
fairly similar.

6) Spatial correlation: Using a similar approach to the
PAN SIMO case, the spatial correlation of the sub-channels
in the B2B channels was analyzed. The magnitude of the
correlation coefficients at the TX array (|ρTX

α,ω|) and the RX
array (|ρRX

e,l |) were computed. For each fixed antenna element
at the TX, correlation between a pair of sub-channels e, l at
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Mean path gain (G̃L, intra-BMI) from sub-banding Mean path gain (G̃L, inter-BMI) from sub-banding
front back front back

BMI A B A B BMI A B A B
1 -0.13 -75.71 -0.04 -75.34 {1 - 2} -0.80 -73.39 -0.14 -75.51
2 -0.26 -75.45 -0.04 -77.38 {1 - 3} -0.47 -73.15 -0.30 -73.38
3 -0.01 -75.84 -0.32 -77.63 {2 -3 } -0.37 -73.75 -0.38 -73.44

Shadowing parameters (µ̂ŝ, intra-BMI) from sub-banding Shadowing parameters ( µ̂ŝ, inter-BMI ) from sub-banding
front back front back

BMI A B A B BMI A B A B
1 0.01 7.57 0.10 9.26 {1 - 2} 0.38 7.27 0.03 8.98
2 0.14 6.18 -0.04 6.39 {1 - 3} 0.15 6.42 0.11 7.95
3 -0.22 10.79 -0.04 10.64 {2 -3 } 0.12 7.67 0.05 8.96

TABLE V: Linear fit parameters for G̃L and µ̂ŝ over sub-bands in B2B network.
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FIG. 7: Linear fit for EPBSG (µ̂ŝ) in the (a) intra- (b) inter-
BMI categories in B2B network

the receiver is computed for each body orientation of both
the TX and RX antenna array bearer, while observing if
these coefficients varied as the test subjects changed their
orientation. We found these sub-channels to be uncorrelated
(irrespective of the orientation) with an average correlation
coefficients of approximately 0.1. To generate the CDF of
these coefficients, we used an ensemble of coefficient values

obtained over different test subjects within a BMI category,
sub-channels and orientations measured. A sample CDF plot
for |ρ| at the TX and RX arrays are shown in Figs. 8(a) and
8(b). We did not observe any impact of BMI on the correlation
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FIG. 8: Empricial CDF of the correlation magnitude for (a) TX
array (b) RX array over ensemble of test subjects and body
orientations for BMI 1 for Front Channel in B2B network

coefficient values in both the intra- and inter-BMI categories.
7) Amplitude fading statistics: Using a similar modeling

approach from Sec. VI-A.7, a Ricean distribution fit was also
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found as a fit for the SSF in the B2B measurements. The
Ricean K-factor was computed for the intra- and inter-BMI
categories with results provided in Table IX. Note that only
specific orientations; body facing each other (FEO), backing
each other (BEO) and right angle to each other (RAEO) where
chosen to reflect cases that results in the best, worst and
”typical” K-factor values. From both intra- and inter-BMI
results, the highest K-factor occur in the LOS scenario while
the lowest values occur in the NLOS scenarios, i.e., when
the two bodies (TX and RX bearers) serves as obstructions.
This result agrees well with intuition. We did not observe any
dependence of the Ricean K-factor on BMI (in both intra- and
inter- cases).

8) Channel Capacity: In this analysis, we have used the
assumption that the TX does not have CSI, and the UWB
capacity is computed for the B2B channels for the intra-
and inter-BMI categories by using (8). Capacity results are
provided in Table IX. Also, only specific orientations; body
facing each other (FEO), backing each other (BEO) and right
angle to each other (RAEO) were chosen to reflect cases that
results into the best, worst and ”typical” capacity values here
as well. The results from both intra- and inter-BMI analysis
show that the highest capacity occur in the LOS scenario while
the lowest capacity values occurs in the NLOS scenarios,
i.e., when the two bodies (TX and RX bearers) serves as
obstructions, which agrees well with intuition.

VII. IMPLEMENTATION RECIPE

The simulation objective is to create a frequency-selective
SIMO (in PAN) or MIMO (in B2B networks) fading channel
(H̃) with NT transmit and NR receive antennas for PAN and
B2B channels. The channel realizations can thus be generated
as follows:

1) Select body channel and BMI category desired.
2) Select a suitable frequency band and delay window for

the simulation. Also, select appropriate sampling grid to
create taps in delay.

3) From Table IX, select corresponding values for GL (dB)
as in (4) for PAN simulation while using equivalent
parameters from Table X for the B2B simulation.

4) Generate Pn for each delay tap using

Pn = GL · S · η · e−
τn−τ0
α (12)

where S is a zero-mean lognormal random variable (i.e.,
shadowing) having a deterministic variance in the B2B
networks, however, the variance of S is actually a random
variable in the PAN with second moment values provided
in Table IX. α is the rms delay spread obtained from
Table IX while η is a normalization constant such that∑∞
n=0 e

− τn−τ0
α = 1

η .
5) Compute the Fourier transform (F {·}) of Pn such that

Pf = F {Pn}.
6) Generate a matrix ĤLOS for the LOS component using

(13) and (14)

ĤLOS = a(p) · a(q)T , (13)

a(r) = e−j
2π
λ |
−→r i−−→r j | (14)

where |−→r i − −→r j | is the location vector of the array
antenna elements.

7) Generate a residual matrix Ĥres as shown in (15).

vec(Ĥres) = R1/2vec(Hw) (15)

where the NTNR × NTNR matrix R1/2 is obtained
by factoring the total correlation matrix R, i.e., R =
R1/2R1/2. The spatial correlation matrix R can be gener-
ated using the coefficients described in Sec. VI-A.6 and
VI-B.6. Hw is a complex i.i.d white Gaussian random
matrix.

8) Generate a linear equivalent of the K (dB) from the
Gaussian distribution using corresponding moment values
in Table IX.

9) Generate a realization of the propagation channel H̄ in
(16) by combining all the parameters above.

H̄ =
√
Pf

(√
K
K + 1

ĤLOS +

√
1

K + 1
Ĥres

)
(16)

10) Multiply H̄ by
(
f
f0

)−κ
to obtain H̃ as shown in (17)

H̃ = H̄ ·
(
f

f0

)−κ
(17)

where the exponent −κ is equivalent to A from Tables
IV and V for PAN and B2B networks respectively.

VIII. MODEL VALIDATION

The model presented in this work was validated by com-
paring:
• A baseline model derived from another experiment we

conducted with our measurement setup, to an existing
work in the literature with a similar setup.

• The mean path gain (GL) and EBSG (µs) from the
PAN measurements in a sub-group analysis approach.
Specifically, we divided each BMI category randomly
into two subgroups, extracted parameters for each of the
groups, and compared them.

• Capacity values generated from the measurement data
to those from the data generated synthetically from our
model.

We do not provide a model validation for the B2B channel
model using an analysis of statistical significance, due to small
ensemble size of test subjects used.

A. Baseline path gain and shadowing modeling approach

Path gain and shadowing in PAN and B2B channels have
been discussed in the literature showing that the variation in
the received power, i.e., shadowing can be separated into that
due to the environment and that due to the human body [4]. As
a sanity check in our work, we undertook an experiment with
a setting similar to [4], namely in an indoor lab environment
(as opposed to the anechoic chamber used elsewhere in our
measurements), and at different distances between TX and
RX. We then compare parameters such as distance-dependent
path gain exponent (n) and shadowing gain (Xenv – due to
environment, Xb – due to the body) to those in [4].
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FIG. 9: Linear regression fit for path gain over distance

We conducted a UWB (2-10 GHz) SIMO measurement in
an indoor lab environment with TX antenna (using a UWB
TEM horn antenna) placed on a 1.4 m high pole while a 4-
element receiver array was mounted on the torso of a human
subject (Fig. 2(a)). The human subject remained at a fixed
location while the TX was moved to different distances (for
TX-RX separation). At each measured distance, the human
subject rotated his orientation at 45◦ increments from 0◦ to
315◦, similar to the description in Sec. III. The measured
distances covered 16 values in the range 1 to 8 m.

1) Path gain model derivation: Firstly, we develop a path
gain model in which the total path gain Gtot(d) is defined
as the average of the local path gain (Gi(d,o)) over body
orientation at each distance measured, where Gi(d,o) is defined
as the aggregate power of the APDP (over delay bins) at each
distance and body orientation.

The distance-dependent path gain can be visualized from
the scatter plot of both Gtot(d) and Gi(d,o) at each measured
distance shown in Fig. 9. A linear regression fit was imple-
mented to create a power-decay model in (dB) as shown in
(18). This linear fit emphasizes monotonic dependence of the
total path gain on distance with parameters n and G0 provided
in Table VII. Note that at each distance (d) in Fig. 9 Gtot(d)
was obtained by averaging Gi(d,o) on a linear scale while the
display is plotted in decibels.

Gdet(d) = G0 − 10 · n · log10

(
d
d0

)
+Xenv (18)

2) Shadowing Model derivation: From Fig. 9, the devi-
ation of the total path gain (Gtot(d)) from the linear (de-
terministic) fit stems from the shadowing (Xenv) caused by
the environment, while the variation of the Gi(d,o) around
the Gtot(d) is a consequence of the human blockage effect
(shadowing, Xb) at different orientations. This blockage effect
will henceforth be referred to as ”human body shadowing”.
This shadowing have been stated to be zero-mean lognormal
distributed random variable in the literature; we also find this
to be true in our work. Fig. 10(a) shows the CDF of a Gaussian

distribution fit for a logarithmic fit of Xenv, while a match
of Xenv to some other commonly used distributions such as
Rayleigh, Rician, lognormal, Nakagami, and Weibull were
implemented by using the K-S hypothesis test to determine
the goodness-of-fit at 5% significant level; the passing rates
are given in Table VI. It is clear that the lognormal distribution
has the highest passing rate.

Distribution K-S
Weibull 76.05
Rayleigh 50.61

Rician 50.61
lognormal 88.03
Nakagami 73.63

TABLE VI: Passing rate of K-S test at 5% significance level for
Xenv

The body shadowing Xb was found to be zero mean
lognormally distributed at different distances (see Fig. 10(b)).
The standard deviation of Xb differed from location to location
and has been modeled as a random variable. A Gaussian
fit was found to be adequate for the distribution of these
standard deviation values (in dB) as shown in Fig.10(c) with
second-order parameters (mean (µσb (dB)), standard deviation
(σσb (dB))) provided in Table VII.

From Table VII, we see that the path gain coefficient and
environment shadowing are similar to that in the literature
(ref. [4]), while the body shadowing variance in our case is
considerably larger. We conjecture that this might be due to
the different used antennas, as well as the different mounting
on the body. In summary, while not a conclusive proof, the
similarity of our results with the literature tends to support our
measurement and extraction procedure.

B. Sub-group Analysis approach

For each BMI category, we randomly divided the mea-
surement data into two sub-groups (having equal number
of candidates) and extracted parameters such as GL and µs
for comparison in the hip, front and back channels. Similar
parameter values between the two sub-groups, which are also
in agreement with the overall results shown in Table IX, would
corroborate the accuracy of our result. All extracted parameters
from our sub-group analysis approach are presented in Table
VIII.

Sub-group 1 - GL (dB) Sub-group 1 - µs (dB)
hip front back hip front back

BMI 1 -65.06 -67.66 -67.74 2.35 4.64 5.41
BMI 2 -65.55 -68.16 -68.08 2.71 5.72 5.73
BMI 3 -69.54 -72.35 -71.41 2.65 6.21 6.31

Sub-group 2 - GL (dB) Sub-group 2 - µs (dB)
hip front back hip front back

BMI 1 -64.05 -66.38 -66.48 2.61 4.87 4.94
BMI 2 -64.25 -67.94 -68.30 3.02 5.47 5.72
BMI 3 -67.84 -70.85 -69.96 2.64 6.80 6.40

TABLE VIII: Parameters extracted from BMI categories sub-
groups in PAN measurements
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FIG. 10: Empirical CDF and corresponding Gaussian fit for (a) shadowing (Xenv) due to the environment (b)Xb at a select distance (c)
standard deviation of Xb for all distances

Parameters Our work ref [4] (LOS AP2HH2.6)
n 1.42 1.40

σenv (dB) 1.89 2.30
µσb (dB) 5.05 2.30a

σσb (dB) 0.64 N/A
G0 (dB) -50.96 -43.00

TABLE VII: Comparison of parameters

aLb wasn’t model as random variable

It can be observed from Table VIII that the parameters from
different sub-groups for these channels are similar to each
other, and are close to the values provided in Table IX. This
indicates the reliability of our model.

C. Capacity Approach

For each channel measured, an equal power capacity [63]
was computed by using the channel coefficients from H̄. The
CDF of the capacity (TX SNR = 75 dB) obtained from data
generated synthetically from our model and that computed
from the measurement data for each BMI category for the
Front channel are compared in Figs. 11(a)-11(c) below. The
CDF was derived using an ensemble of candidates (within
each BMI categories) and all orientations measured.

Visually, it is clearly observable (from the CDFs plots in
Figs. 11(a) to 11(c)) that the capacity results from the model
does have a good fit to that obtained from the measured data.

IX. SUMMARY AND CONCLUSION

We conducted a measurement campaign using UWB multi-
antenna channel sounders (a SIMO (1 × 4) antenna array for
PAN measurements and a MIMO (4 × 4) antenna array for
B2B measurements) in various off-body channels for different
BMI categories in an anechoic chamber environment and
extracted the relevant channel parameters. The main findings
are:

1) The mean (average over the ensemble of test subjects)
path gain β in the PAN channel changes over body
orientation (from LOS to NLOS) with variation of about
8-9 dB in the hip channel, and 11-14 dB in the front and
back channels across all BMI categories. We observed

that the mean (average over an ensemble of test subjects
and rotation) path gain GL varied over the BMI categories
with BMI 3 being 3-4 dB less than BMI 1 & 2 in the PAN
channel while for the B2B channel, a difference of about
3-4 dB was observed between G̃L values in the intra-BMI
categories with 2-3 dB observed in the inter-BMI.

2) We observed in the PAN channel that the human body
shadowing gain followed a zero-mean lognormal distri-
bution with a standard deviation modeled as a random
variable (using an ensemble of test subjects). The mean
of the standard deviation (denoted as EBSG) was found to
be about 3 dB for the hip channel and about 6-7 dB for the
front and back channels while also showing a variation of
about 1 dB between the various BMI categories. For the
B2B channel, the mean of the standard deviation (denoted
as EPBSG) ranges from about 7-12 dB in the front and
back channels for the intra-BMI category and about 8-
9 dB in the inter-BMI category. Also a variation was
observed in the BMI categories, which was about 3 dB
higher for BMI 3 than BMI 1 and 2 in the intra-BMI
category and about 0.5 to 1 dB in the inter-BMI category.

3) The mean path gains GL, G̃L generally decreased over
frequency of sub-bands (∆ = 1 GHz) while the
EBSG/EPBSG increased over the frequency sub-bands in
both PAN and B2B channels with the exception of BMI 3
category in the intra-BMI 3 (in the B2B channel), which
decreased over the frequency sub-bands.

4) The RMS delay spread values show a considerable dif-
ference among the BMI categories in both PAN and B2B
channels with BMI 1 having a higher dispersion than BMI
2, while BMI 3 had the least dispersion.

5) The spatial correlation coefficient between sub-channels
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PAN path gain (β (dB))
hip channel

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 channel
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 channel
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 gain Modeling
Mean path gain (GL (dB)) (Shadowing parameters (µs(dB), σs(dB) ))

Channel hip front back hip front back
BMI 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
BMI 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
BMI 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

PAN rms delay spread (τrms (dB))
Channel hip front back
BMI 1 -93.00 -94.29 -94.61
BMI 2 -93.28 -94.02 -95.01
BMI 3 -93.64 -97.29 -96.82

Ricean K-factor (dB) from PAN
hip channel

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

µK,BMI 1 -2.01 -0.95 -2.54 -3.20 -2.37 -0.43 2.85 -1.07
σK,BMI 1 2.82 0.61 0.50 1.00 0.21 1.21 1.59 0.84
µK,BMI 2 -1.47 -1.54 -2.09 -1.18 -1.99 -1.20 2.53 -0.75
σK,BMI 2 0.81 0. 37 0.84 0.70 0.72 1.74 2.03 1.60
µK,BMI 3 -0.91 -1.03 -3.22 -0.58 -2.31 -2.51 1.09 -1.81
σK,BMI 3 1.11 0. 32 0.52 1.43 2.31 2.10 0.25 1.03

front channel
µK,BMI 1 -1.64 -0.73 -0.95 -2.71 -0.96 -0.78 1.70 -0.90
σK,BMI 1 0.42 0.91 0.22 1.12 0.52 0.50 0.66 0.37
µK,BMI 2 -3.25 -1.14 -1.22 -1.75 -2.39 -1.04 1.24 -0.04
σK,BMI 2 0.33 0.81 0.73 1.02 0.53 0.61 0.73 0.30
µK,BMI 3 -1.91 -1.49 -1.66 -1.24 -2.23 -0.61 0.77 -1.06
σK,BMI 3 0.21 0.34 1.50 0.21 1.03 1.00 0.11 1.02

back channel
µK,BMI 1 -3.41 -2.09 1.20 -0.70 -2.15 -3.06 -1.91 -2.78
σK,BMI 1 1.71 1.37 0.23 0.11 1.11 1.34 0.40 1.39
µK,BMI 2 -0.41 -0.37 1.71 -1.03 -1.24 -1.65 -1.58 -1.61
σK,BMI 2 0.42 0.61 0.40 1.00 1.01 1.39 0.32 0.23
µK,BMI 3 -0.62 -0.54 2.21 -0.74 -1.43 -1.00 -2.00 -1.34
σK,BMI 3 0.11 0.41 0.32 0.43 0.50 0.23 1.11 1.03

Ricean K-factor (dB) from intra-BMI in B2B network
front back

FEO BEO RAEO FEO BEO RAEO
BMI 1 1.38 -1.32 -1.01 -2.77 0.89 -1.08
BMI 2 1.49 -1.13 -0.97 -1.67 0.92 -1.28
BMI 3 1.22 -1.83 -1.20 -2.01 1.37 -1.16

Ricean K-factor (dB) from inter-BMI in B2B network
front back

FEO BEO RAEO FEO BEO RAEO
BMI {1 - 2} 1.36 -2.34 0.80 -2.14 1.50 1.18
BMI {1 - 3} 1.16 -1.04 -1.61 -1.65 0.85 -1.35
BMI {2 - 3} 1.95 -2.47 1.09 -2.24 1.62 -0.09

TABLE IX: Parameters extracted for various channels and BMI categories in PAN and B2B networks
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Intra-BMI
front channel back channel

Parameters BMI 1 BMI 2 BMI 3 BMI 1 BMI 2 BMI 3
G̃L (dB) -73.98 -76.39 -76.66 -74.5 -76.29 - 78.88
µ̂ŝ (dB) 7.10 7.99 10.29 9.75 9.38 11.28
τ̃rms (dB) -94.87 -97.37 -99.17 -96.20 -97.91 -99.60

Inter-BMI
front channel back channel

Parameters BMI {1 - 2} BMI {1 - 3} BMI {2 - 3} BMI {1 - 2} BMI {1 - 3} BMI{ 2 - 3}
G̃L (dB) -76.41 -74.58 -74.55 -75.43 -74.21 - 74.19
µ̂ŝ (dB) 9.44 8.92 8.30 9.45 8.30 9.04
τ̃rms (dB) -96.77 -96.71 -96.72 -97.86 -98.47 -97.35

TABLE X: Parameters extracted for various channels and BMI categories in the B2B channels

PAN Channel Capacity (b/s/Hz), Constant TX Power, TX SNR = 75 dB
hip channel

Rot. angles 0◦ 45◦ 90◦ 135◦ 180◦ 225◦ 270◦ 315◦

µBMI 1
capacity 5.67 5.33 4.58 5.38 6.15 6.58 6.72 6.51
µBMI 2

capacity 5.71 5.20 4.23 5.27 6.29 6.46 6.64 6.59
µBMI 3

capacity 5.57 6.30 4.64 4.63 5.68 5.78 6.43 6.34
front channel

µBMI 1
capacity 6.15 5.49 4.20 4.93 6.02 6.36 6.62 6.44
µBMI 2

capacity 6.25 4.96 3.61 4.69 6.17 6.57 6.73 6.79
µBMI 3

capacity 5.91 6.15 3.16 3.26 5.44 6.44 6.40 6.55
back channel

µBMI 1
capacity 6.06 6.59 6.67 6.58 6.08 4.62 3.78 4.19
µBMI 2

capacity 5.90 6.76 6.80 6.61 6.09 4.08 3.60 4.15
µBMI 3

capacity 5.62 6.75 6.67 6.63 6.30 3.32 3.31 3.25
PAN Channel Capacity (b/s/Hz), Constant RX Power, RX SNR = 22 dB

hip channel
µBMI 1

capacity 6.27 6.39 6.18 6.33 6.26 6.28 6.18 6.33
µBMI 2

capacity 6.32 6.09 5.98 6.23 6.29 6.26 6.23 6.24
µBMI 3

capacity 6.14 6.14 5.79 6.33 6.28 6.39 6.50 6.29
front channel

µBMI 1
capacity 6.20 6.06 5.32 5.92 6.30 6.27 6.20 6.22
µBMI 2

capacity 5.86 5.84 5.19 6.13 6.20 6.31 6.10 6.17
µBMI 3

capacity 6.26 5.50 4.83 5.33 6.37 6.34 6.26 6.43
B2B Capacity (b/s/Hz) of intra-BMI

front back
FEO (b/s/Hz) BEO (b/s/Hz) RAEO (b/s/Hz) FEO (b/s/Hz) BEO (b/s/Hz) RAEO (b/s/Hz)

BMI 1 8.70 2.34 5.34 1.98 8.41 5.30
BMI 2 8.79 2.19 5.26 2.06 7.50 4.70
BMI 3 8.54 1.82 5.81 1.95 8.45 4.88

B2B Capacity of inter-BMI
front back

FEO (b/s/Hz) BEO (b/s/Hz) RAEO (b/s/Hz) FEO (b/s/Hz) BEO (b/s/Hz) RAEO (b/s/Hz)
BMI {1 - 2} 8.56 2.11 4.66 1.94 8.61 5.60
BMI {1 - 3} 8.31 2.41 5.33 2.17 8.95 5.70
BMI {2 - 3} 8.80 2.19 5.51 1.99 8.41 5.49

TABLE XI: Capacity values for various channels and BMI categories in the PAN and B2B network
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FIG. 11: Emprical CDF and model fit of capacity for (a) BMI
1 (b) BMI 2 (c) BMI 3

in both PAN and B2B channels shows a low correlation
with a mean value of about 0.1. We did not observe any
impact of BMI on the correlation coefficient values from
both PAN and B2B channels.

6) From the SSF analysis, the Ricean K-factor over different
body orientation (in both PAN and B2B channels) differ
considerably, and are lowest when the antennas are in
a NLOS scenario. We did not observe any significant
dependence of the Ricean K-factor on BMI.

7) The capacity values (without Channel State Information
at TX (CSIT)) over different body orientation (in both
PAN and B2B channels) differ considerably, and are
lowest when the antennas are in a NLOS scenario. This
is especially prevalent in BMI 3, which also happens to
typically have the smallest capacity. The capacity values
are fairly constant in the PAN channels when power
control is used. In the B2B channels without CSIT the
mean (over an ensemble of test subjects) capacity values
are typically strongest in the LOS and weakest in the
NLOS scenario for both intra- and inter-BMI categories.

8) The results were validated firstly, by measuring (for a
single person) the channels at different distances. The

extracted path gain coefficient, environment shadowing
and body shadowing agreed reasonably well with the
literature [4]. This serves as a sanity check for our mea-
surement setup and procedure. Secondly, the agreement
between parameters extracted from sub-group of the data
at each BMI category also validates the results.

Overall, it is clearly observable from the results and statis-
tics presented in this paper that the propagation channel
parameters for the UWB PAN and B2B channel do in fact
differ for different BMI categories. The present PAN and B2B
models do not take this into account; hence our work serves as
either a complement to pre-existing models or a replacement.
Details such as those provided in this work will be of help
for PAN or B2B systems design and simulation in various
environments.
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