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Abstract — In this paper we compare a number of the
classical models used to characterize fading in body area
networks (BANs) with the recently proposed shadowed r—u
fading model. In particular, we focus on BAN channels which are
considered to be susceptible to shadowing by the human body.
The measurements considered in this study were conducted at
245 GHz for hypothetical BAN channels operating in both
anechoic and highly reverberant environments while the person
was moving. Compared to the Rice, Nakagami and lognormal
fading models, it was found that the recently proposed shadowed
Kk—u fading model provided an enhanced fit to the measured data.

Index Terms — Body centric communications, on-body fading
channels, channel characterization.

I. INTRODUCTION

A full understanding of the fading characteristics likely to
be encountered by body area networks (BANs) is essential for
the design of robust pervasive medical applications. One of
the most dominant factors observed in on-body fading
channels used to interlink wireless nodes in BANs is body
shadowing [1]. Body shadowing occurs when one or more
parts of the human body obscure the direct line of sight (LOS)
signal path between the transmitter and receiver. In on-body
communication channels, shadowing caused by body parts
obstructing the direct link between antennas can cause
substantial attenuation of the received signal. Body shadowing
has previously been observed in on-body channel
measurements [1, 2] and simulations [3] conducted at
2.45 GHz. Moreover, it is postulated that body shadowing will
make future non-LOS (NLOS) millimeter-wave on-body

communications at 60 GHz [4] very difficult, if not impossible.

A new statistical fading model for shadowed body centric
communications channels was recently proposed in [1]. In this
model, clusters of multipath are assumed to have scattered
waves with identical powers, alongside the presence of
elective dominant signal components — a scenario which is
identical to that observed in x—u fading [5]. The difference
between the model proposed in [1] and that of x—u fading is
that the resultant dominant component, formed by phasor
addition of the individual dominant components is assumed to
be a log-normally distributed random variable. In this paper,
we characterize the on-body channels presented in [1] using
an alternative fading model, namely the shadowed x—u fading
model, in which the lognormal distribution of the resultant

dominant component is superseded by the Nakagami-m
distribution. This method of modeling shadowed fading has
recently and independently been proposed in [6] and [7].
Unlike that presented in [1], this model has the attractive
feature that its probability density function (PDF) can be
expressed in closed-form. To further demonstrate the utility of
the shadowed x—u fading model for characterizing fading in
BAN channels, we also compare its fit to field measurements
with those obtained using classical fading models such as Rice
[8], Nakagami [9] and lognormal [10] which are often used to
model fading in BAN channels.

II. MEASUREMENT SETUP AND EXPERIMENTS

The measurements were conducted at 2.45 GHz in the
anechoic and reverberation chamber facilities at Queen’s
University Belfast, United Kingdom. The antennas used in this
study were compact (5 mm height) higher mode microstrip
patch antennas designed specifically for on-body networking
applications. The test subject was an adult male of height
1.82 m and mass 90 kg. In the experiments, the antennas were
mounted so that the radiating patch element was parallel to the
body surface. They were then connected to port 1 and 2 of a
Rhode & Schwarz ZVB-8 vector network analyzer (VNA)
using calibrated low-loss coaxial cables. The VNA was
configured with an output power of 0 dBm and set to record
measurements of S2; at 5 ms intervals for 30 seconds. For all
of the measurements presented here, the user performed a
simulated walking motion at a set location in both
environments. More details of the measurement setup and
experiments can be found in [1] and the references therein.

III. STATISTICAL CHARACTERIZATION

A statistical characterization of the three on-body channels
utilized in [1] namely the front-left-waist to the right-head,
right-knee and right-wrist was performed using the shadowed
x—u, Rice, Nakagami and lognormal fading models. As the
models associated with the Rice, Nakagami and lognormal
fading channels are well known, we will focus on describing
the shadowed x—u fading model. The PDF of the shadowed x—
u fading signal envelope, R, is given by



TABLEI

PARAMETER ESTIMATES FOR EACH OF THE FADING MODELS FITTED TO THE MEASUREMENT DATA FROM THE ANECHOIC
CHAMBER. FOR THE RICE PDF, A IS THE NON-CENTRALITY PARAMETER AND s IS THE SCALE PARAMETER, FOR THE
NAKAGAMI PDF, v IS THE SHAPE PARAMETER AND @ IS THE MEAN POWER AND FOR THE LOGNORMAL PDF, ¢ IS THE MEAN
AND ,B IS THE STANDARD DEVIATION OF THE FADING SIGNAL’S LOGARITHM.

On-Body Fading Channel Shadowed k—p Rice Nakagami lognormal

. . K=1.94, =064, I'=1.01, A=0.04, v =0.85, =-0.35,
Left-waist to Right-Head m =650, Q = 0.60 s=0.71 w=1.00 B=073

. . K=1.36, = 0.88, F=1.18, A=0.63, v=1.11, a=-0.26,
Left-waist to Right-Knee m=948, Q = 0.47 §=055 w=1.00 B =059

. . | k=395 u=138 F=087, A=0.03, v=0.75, - -0.40,
Left-waist to Right-Wrist m=0.39, Q=102 s=0.71 w=1.00 B=071
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K=0" / 240 , which is simply the ratio of the total power of

the dominant components (6°) to the total power of the
scattered waves (2uc®) where u is related to the multipath

clustering and the mean power is given by 7. In (1), F(-) is

the gamma function, | F,(e;e;¢) is the confluent

hypergeometric function, m = E’ |:A2] / var I:AZ:I is the
Nakagami parameter where varI:Az:I is the variance. In this

instance, Q = FE I:AZ:I is the average power of the resultant

dominant component.
IV. RESULTS

For convenience, the rms signal level, 7= E[RZ}, was

removed from the fading envelopes presented here to enable a
direct comparison of the fading characteristics for each of the
on-body links. All parameter estimates for the PDF of the
shadowed x—u fading model were obtained using a non-linear
optimization algorithm in MATLAB. Figures 1 and 2 show
the empirical PDFs for the left-waist to right-knee and left-
waist to right-wrist on-body fading channels while the test
subject was mobile in the anechoic chamber. Also shown for
comparison are the PDFs of the shadowed x—u, Rice,
Nakagami and lognormal fading models. Visual inspection of
Fig. 1 shows that for the right-knee positioned receiver, the

shadowed x—u PDF provides the best fit. In this case, the Rice
and Nakagami PDFs also provide a reasonable fit. This is in
direct contrast to the right-wrist positioned receiver (Fig. 2),
where the PDFs of the models associated with shadowed
fading, i.e., the shadowed x—u and lognormal, were found to
provide the best fit.

In this environment, multipath signals returned in the
direction of the human body from the local surroundings will
be minimised and hence the signal characteristics will be
determined mostly by processes related to the body itself. This
can be seen from Table I by observing the parameter estimates
for the right-head and right-knee positioned antennas where
u < 1 and k> 1 suggesting that these channels suffer less from
multipath and that a dominant component exists. As expected,
the right-wrist positioned antenna exhibited the greatest
amount of variation in the resultant dominant component
(m=0.39). This may be attributed to the body shadowing
caused by the oscillatory movement of the arm from the front
to the back of the body.
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Fig. 1 Empirical and theoretical PDFs for right-knee positioned
antenna in the anechoic chamber.



TABLEII

PARAMETER ESTIMATES FOR EACH OF THE FADING MODELS FITTED TO THE MEASUREMENT DATA FROM THE REVERBERATION

CHAMBER.
On-Body Fading Channel Shadowed k—p Rice Nakagami lognormal
. . K=0.96, y=0.87, I'=1.04, A=0.59, v=1.02, =-0.28,
Left-waist to Right-Head m = 445, Q = 0.49 s=057 w=1.00 B =0.66
. . K=1.02,u=139, I'=1.13, A=0.66, v=1.24, a=-0.23,
Left-waist to Right-Knee m=0.36, Q = 0.42 s=053 w=1.00 B =054
. . . K=12.6,1=0.79, F=1.04, A=0.04, v=0.88, =-0.33,
Left-waist to Right-Wrist m=0.98, Q= 0.88 s=0.71 w=1.00 B=0.70
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Fig. 2 Empirical and theoretical PDFs for right-wrist positioned

antenna in the anechoic chamber.
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Fig. 3 Empirical and theoretical PDFs for the right-head positioned

antenna in the reverberation chamber.

0 L L L
0.5 1 1.5 2 2.5

Received signal relative to rms signal level

3.5

Fig. 4 Empirical and theoretical PDFs for right-knee positioned
antenna in the reverberation chamber.

Figures 3 and 4 show the empirical PDFs for the left-waist
to right-head and left-waist to right-knee on-body fading
channels while the test subject was mobile in the reverberation
chamber. Again we can see that the PDF of the shadowed x—u
fading model provides the best fit. For both of these on-body
fading channels, the Rice and Nakagami PDFs outperform the
lognormal PDF showing that, as expected, these channels are
more prone to multipath effects. This can be seen from Table
II where, with the exception of the right-wrist positioned
receiver, the estimated « parameters are reduced compared to
the equivalent results for the anechoic chamber.

V. CONCLUSION

A number of statistical distributions used to model fading in
BAN channels have been compared with measured data. It has
been shown that the PDF of the recently proposed shadowed
x—u fading model can provide an improved fit to channels
which may be prone to shadowed fading compared to classical
models such as Rice, Nakagami and lognormal.
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