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On-body propagation characterization based on FDTD method
for 2. 4/5.2/5.7 GHz wearable body sensor networks
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Abstract: The on-body path loss and time delay of radio propagation in 2. 4/5.2/5. 7 GHz wearable body sensor
networks (W-BSN) are studied using Remcom XFDTD, a simulation tool based on the finite-difference time-
domain method. The simulation is performed in the environment of free space with a simplified three-

dimensional human body model. Results show that the path loss at a higher radio frequency is significantly

smaller. Given that the transmitter and the receiver are located on the body trunk, the path loss relevant to the

proposed minimum equivalent surface distance follows a log-fitting parametric model, and the path loss
exponents are 4. 7,4. 1 and 4. 0 at frequencies of 2.4, 5.2,5.7 GHz, respectively. On the other hand, the first-
arrival delays are less than 2 ns at all receivers, and the maximum time delay spread is about 10 ns. As suggested

by the maximum time delay spread, transmission rates of W-BSN must be less than 10° symbol/s to avoid inter-

symbol interference from multiple-path delay.
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Next-generation mobile systems are evolving to-
wards user-centric networks, where constant and relia-
ble connectivity services are essential. With the devel-
opment of various wearable wireless biosensors for mo-
bile telemedicine applications, it is necessary to build
up a wearable body sensor network ( W-BSN) for in-
terconnecting biosensors on an individual to improve
system efficiency and reliability. For example, Knos-
tantas et al. "' in the MobiHealth project proposed an
early prototype of body sensor networks, which was
designed to monitor patients with different health care
cases, including cardiac arrhythmia and respiratory in-
sufficiency. In their prototype, wireless technologies
like Bluetooth and Zigbee were used for inter-network
communications. The Human ++ research project by
IMEC aimed to provide an optimized sensor system for
the personal body area network, where the ultra-wide-
band modulation was integrated into the sensor sys-
tem'” .

For the low-power, reliable and robust on-body
radio communication systems, a deterministic and ge-
neric channel model is required to provide a clear pic-
ture of the on-body radio propagation, including path
loss and time delay characteristics. Though existing
communication standards, such as IEEE 802. 15.1/3/4
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for wireless personal networks, have been adopted for
some of these applications, there is in general a lack of
research about on-body propagation, which is absolute-
ly necessary for developing efficient W-BSN systems
because the human body is a medium that poses nu-
merous wireless transmission challenges.

1 Background

1.1 Previous studies

There are a number of studies characterizing and
analyzing the on-body channels and also investigating
the electromagnetic wave propagations around the
body, among which, however, only a few concern the
narrowband channel propagations at 2. 4/5.2/5.7 GHz
where most wireless standards operate.

Hall et al. "' carried out measurements of the loss
between two body-mounted antennas at 2.4 GHz,
which showed significant variations that could be to
some extent related to physiological changes in the
body during the measurement period. Nechayev et
al. " further carried out measurements on the propaga-
tion path gain for a number of antenna positions and at
a number of static human body postures as well as dur-
ing arbitrary movements. Their results suggested that
the mean propagation gain for arbitrary antenna posi-
tions on a human body could be approximated by a
power law with an exponent of —3. 2. If both antennas
were mounted on the trunk, on the other hand, an expo-
nential law was followed closely. Roelens et al. "' dis-
cussed the path loss between two half-wavelength di-
poles near flat, biological tissue at 2. 4 GHz. Both hom-
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ogeneous and layered media were investigated. They
found that the path loss near homogeneous tissue could
differ significantly from the path loss near layered
media.

Nevertheless, because of the very complex shape
and internal structure of the human body, there have
not been deterministic on-body channel models yet.
Since the measurement results could be affected by
many factors, such as body movements and physiologi-
cal varieties, the simulation method is, therefore, in-
dispensable as the way to reach an accurate model of
such specific radio channels.

1.2 FDTD method

The finite-difference time-domain (FDTD) meth-
od, first proposed by Yee'”, is arguably the most popu-
lar numerical method for the solution of problems in
electromagnetism, in that both space and time are di-
vided into discrete segments and transient fields are
computed as a function of time. Space is segmented in-
to box-shaped cells known as Yee cells, each edge of
which is small compared to the wavelength. The elec-
tric field intensity vectors,i.e. E , E, and E_, are loca-
ted on the edges of the cell and the'magnetic field in-
tensity vectors, i. e. H , H),, and H_, are positioned on
the faces. Many Yee cells are combined together to
form a three-dimensional volume, i. e. an FDTD mesh.

In this study, Remcom XFDTD is employed to
model the properties of on-body radio propagation in
three-dimensional space. In most cases, an XFDTD
simulation will begin with the creation of the simula-
tion space geometry. After all objects describing the
geometry have been entered, the FDTD mesh can be
created. With the geometry step finished, the desired in-
puts to the calculation may be defined. A wide range of
output data may be saved, including both time-domain
and frequency-domain values. Then, the calculation en-
gine performs the actual FDTD -calculations of the
fields over the geometry mesh and saves the outputs
specified.

In addition, a proper threshold of convergence in
the time-domain must be ensured for accurate numeri-
cal results, which would enable the termination of cal-
culation when converged. For example, for sinusoidally
excited problems, typical values for this setting range
from -55 to —25 dB depending on the level of accu-
racy versus runtime desired. As for the calculation sta-
bility, a free-space border of 10 to 20 cells is the best
way to ensure the stability and accurate performance of
the outer boundary for many problems.

2 Simulation Setup

2.1 Human body model
A human body model was set up with several dif-

ferent geometries: One sphere for the head (r =0.1
m), one ellipse cylinder for the trunk (a =0. 15 m, b =
0.12 m, A =0. 65 m), two cylinders for arms (r =0. 05
m, h=0.70 m), and two cylinders for legs (r =0.07
m, 2 =0. 85 m), as shown in Fig. 1(a). It is well known
that a real human body contains a variety of tissues
with different values of relative permittivity and con-
ductivity. For considerations of simplification, the trunk
and limb parts of the body model are supposed with a
shell of skin and a fill of muscle, while the head is
considered with a shell of skin and a fill of brain. Tab.
1 gives the characteristics of these biological tissues at
2.4/5.2/5.7 GHz.
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Fig.1 Geometric human body model. (a) With locations of a
transmitter and five receivers; (b) 2-D grid placement with geome-
try bounding box and mesh bounding box

Tab.1 Dielectric properties of biological tissues'”

: 2.4 GHz 5.2 GHz 5.7 GHz
Tissue
& o & o & o
Skin (dry) 38.063 1.441 35.610 3.219 35.197 3.631

Average muscle 53.639 1.775 49.849 4.473 49.135 5.007
Average brain  42.610 1.481 39.049 3.664 38.435 4.142

2.2 Simulation environment

The simulation environment is free space with the
three-dimensional human body, where the thickness of
free space around the human body is 0.1 m on each
side of the geometry, and the outer boundary is with
artificial absorbing material. The entire simulation
environment is meshed by 140 x 88 x 380 cubic cells
with each cell size being 5 mm. The two-dimensional
grid placement with the geometry bounding box and
the mesh bounding box is shown in Fig. 1(b).
2.3 Transceiver locations and feed specifications

The locations of transmitters and receivers are
chosen based on commonly used on-body communica-
tion devices, such as headset and wristwatch, as shown
in Fig. 1(a). Among the sensors, the one with less re-
source constraints acts as the master node of the W-
BSN, denoted as M. Other sensors act as salve nodes,
denoted as S,(1<i<5). In the simulation, the transmit-
ting node M is located at the cell (94, 62,230), and the
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receiving nodes S, to S, are located at the cell (92, 48,
345), (49, 48, 345), (55, 68, 281), (19, 45, 200), and
(123,45, 200), respectively.

With regard to the feed specification at M, a dis-
crete source with a single-frequency sinusoidal wave is
deployed for steady-state results. The input source is
series voltage with an amplitude of 1 V and a resistance
of 50 (). Besides, discrete sources with a Gaussian
pulse waveform are deployed for the simulation of time
delay characteristics. The automatic convergence for all
the calculations is set to a threshold of —30 dB. Final-
ly, as the focus of this study is the signal attenuation
through the medium from the transmitter to the receiv-
er, the effects of antenna effects are not within the
scope of this study.

3 Analysis of Simulation Data

3.1 Path loss
The received power Py, can be calculated from
electric field intensity £E(V/m) by
2 2 2 2 2
m w4 4807 f
where Py, is the power density in W/m’, ¢ is the speed
of light through free space, and G is the antenna gain.
Path loss in decibels is defined as P, (d) =
—10log,,( Pg,/ Pr,), where d is the distance in meters
between the transmitter and the receiver, and P, and

Py, are the transmitted and received power, respective-
ly'"*". Due to the important role of surface waves in
such propagation environments, the relationship be-
tween the minimum surface distance d, and the path
loss will be studied.

Given that the antenna gain G =1, the path loss at
different frequencies is depicted in Fig. 2. It can be
seen that the path loss at a higher radio frequency is
significantly smaller. On the other hand, the minimum
surface distances between M and S, to S5 are about
0.77,0.77,0.32,0.50 and 0. 28 m, respectively. Obvi-
ously, there is no determinate relationship between the
minimum surface distance and the corresponding path
loss. The analysis will then be focused on the path loss
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Fig.2 Comparison of path loss at S, to S;

on the trunk.

First, let us look into the cases where the height of
the locations of receivers is the same as that of the
transmitter, i. €. X, 7 X1y, Yrx 7 Y1e> Zrx = Z1x- Fig. 3
shows the relationship between the minimum surface
distance and the corresponding path loss in such cases.
A modified expression of the existing log-fitting para-
metric model™, i.e.,

d,
d,,
can be adopted to characterize the path loss, where d, is
the minimum surface distance in millimeters between

P, (d)) =P, (dg,) +10y log(—) +X, (2)

the transmitter and the receiver; d, is a close-in sur-
face distance in millimeters for reference; . is the
path loss exponent; and X, denotes a zero-mean
Gaussian random variable of standard deviation ¢.
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Fig.3 Path loss in cases where Rx and Tx are on the trunk
and Xg, # X1y, Yre 7 Y10 Zre = 21x
Secondly, the path loss in cases where xg, = xq,,

Yre =V1xo Zre 7 21y 15 depicted in Fig. 4. We fitted one
log curve and one straight line minimizing the standard
deviation to model the path loss. The linear-fitting
model is expressed as

ds - dsO
P (d,) =P (dy) +x d +X, (3)
s0

where y is the path loss slope. While only a log-fitting
model is used to characterize the path loss in these ca-
ses, the deviations are larger but still acceptable.
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Fig.4 Path loss in cases where Rx and Tx are on the trunk
and xp, =Xpy, Yrye = Yreo Zre 7 Z1x
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Thirdly, the path loss in other cases, i. €. Xz, Xy, ,
Yre Z V1er Zre 7 Z1x» 18 depicted in Fig. 5. The log-fitting
model is expressed as

P (d,) =P, (d) +10ylog(d,/d.,) +X,6 (4)

where
d,=+/(d)’ +(d)7" (5)

is the equivalent minimum surface distance in millime-
ters between the transmitter and the receiver; d.g, is an
equivalent close-in surface distance in millimeters for
reference; d, is the straight component of minimum
surface distance; d, is the curving component of mini-
mum surface distance; and y. and vy, are the path loss
exponents in cases where (Xg, = X1, Vre = Yros Zrx &

Zr) and (Xg, 7 X1 Yre Z V1o Zre = 1) » TESPECtively. It

should be noted that d, = A/(dl)2 + (dc)2 . The parame-

ter values of log-fitting curves of Fig. 5 are given in
Tab. 2.
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Fig.5 Path loss in cases where Rx and Tx are on the trunk
and X, 7 X1y, Yre 7 Y1xo Zre 7 Z1x

Tab.2 Parameters of log-fitting curves in Fig.5

Parameter 2.4 GHz 5.2 GHz 5.7 GHz
% 4.7 4.1 4.0
o/dB 9.32 7.98 7.32

3.2 Time delay characteristic

Since impulse response can provide a wideband
characterization of the propagation channel and contain
all of the information necessary to analyze any type of
radio transmission through that channel, in our simula-
tion the transmitter was modeled as a discrete source of
series voltage, which was a Gaussian waveform with a
pulse width of 1 ns, and the simulating time step was
set to At =9. 6 ps for stability. Fig. 6 shows the Gaussi-
an waveform and its responses at the receiver locations
S, to S, respectively. It can be seen that the response at
S, has a larger value of time delay than those at the
other receiver locations, while the amplitude at S, is
smaller than the others. The first-arrival delay which is
a time delay corresponding to the arrival of the first
transmitted signal at the receiver is given in Tab. 3.
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Fig. 6 Gaussian input and its responses. (a) Input at M; (b)
Response at S;; (c) Response at S,; (d) Response at S;; (e)Re-
sponse at S,; (f)Response at S
Tab.3 First-arrival delay at receiver locations

Location First-arrival delay/ns
S, 1.78
S, 2.01
S5 0.99
Sy 1.37
Ss 0.47

Multiple-path delay is one of the main reasons for
inter-symbol interference (ISI) in communication sys-
tems. If the difference in time delay between different
paths is much smaller than the symbol period, such
caused ISI would be negligible. As shown in Fig. 6, the
maximum time delay spread is within 10 ns. Therefore,
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in order to avoid ISI from multiple-path delay and re-
duce the receiver complexity, the transmission rate of
W-BSN is suggested to be less than 10° symbol/s.

4 Conclusion

In this study, the on-body radio propagation of
2.4/5.2/5.7 GHz wearable body sensor networks has
been characterized using Remcom XFDTD, including
path loss and time delay characteristics. The results
show that the path loss at a higher radio frequency is
significantly smaller. As for the loss model, the numeri-
cal results indicate that the path loss relevant to the
corresponding minimum surface distance of on-body
channels between different transmitter and receiver lo-
cations differs a lot. In cases where the transmitter and
the receiver are both located on the trunk, the path loss
follows a log-fitting parametric model with the pro-
posed equivalent minimum surface distance. And the
path loss exponents are 4. 7,4. 1, and 4. 0 at frequencies
of 2.4,5.2,5.7 GHz, respectively. As for the time de-
lay characteristic, the first-arrival delay exhibits a posi-
tive relationship with the surface distance. To reduce
the receiver complexity, transmission rates of narrow-
band W-BSNs are suggested to be less than 10° sym-
bol/s to avoid ISI from multiple-path delay. Nonethe-
less, further studies need to be carried out to reach a
comprehensive knowledge of complex on-body chan-
nels. The technology of ray tracing may be, for exam-
ple, employed to fully evaluate the geometry effects.
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