Progress In Electromagnetics Research, Vol. 132, 479-498, 2012

PERFORMANCE EVALUATION OF UWB ON-BODY
COMMUNICATION UNDER WIMAX OFF-BODY EMI
EXISTENCE

A.-M. Gao", Q.-H. Xu, H.-L. Peng, W. Jiang, and Y. Jiang

Key Lab of Ministry of Education for Design and EMC of High-Speed
Electronic Systems, Shanghai Jiao Tong University, Shanghai 200240,
China

Abstract—A study of UWB on-body communication system
performance, with the WiMax off-body electromagnetic interference
(EMI) existence, is presented. Firstly, a compact UWB antenna with
good on-body performance is verified and chosen as our reference
antenna. Using this realistic antenna, channel transfer function
(CTF) of UWB on-body channel in an indoor room is investigated
by measurements. Based on the measured data, the parameters of its
pathloss model and its power delay profile (PDP) model are extracted
respectively. Secondly, a new body channel communication system
model, composed of the on-body and off-body dual-link channel,
together with UWB and WiMax signal models are presented. Finally,
UWB on-body communication performances under different WiMax
off-body EMI levels are studied by simulation. Simulated results
show that this on-body system performance is quite limited and easily
affected by the off-body WiMax EMI. It is pointed out that the existing
UWB on-body communication abilities should be greatly improved
when WiMax off-body EMI signals are considered.

1. INTRODUCTION

Wireless body area network (WBAN) refers to wireless network among
wearable and/or implantable sensors located on, off, or in the body.
WBAN has been found widely applications in biomedical therapy,
healthcare and entertainment [1-3]. Therefore, during the last decade
many researchers have paid great attention to developing its system
technologies which have been conducted in several directions, such
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as on- or off-body wearable antenna design and optimization [4-9],
WBAN body channel modeling [10,11], and analysis of the effects
of human body on wireless links performance [12,13]. Moreover, it
has been fully understood that the essential functionality of WBAN
is transferring human body information data, which makes the data
communication with features of low power, immediacy and convenience
be highly expected for WBAN system.

It is known that UWB has been considered by IEEE as one
of the promising candidates for WBAN applications because of its
above features [14,15]. Therefore, many researchers today have paid
great attention to UWB-WBAN communications, of which designing
UWB on-body antenna [16-23], modeling UWB body channel
model [24-26], and evaluating on-body UWB communication system
performance [27, 28] are the most concerned. These researches provided
a strong and well-understood basis for the WBAN development.
However, to the authors’ knowledge, less work has been done when
transmission performance of on-body UWB system under WiMax EMI
existence are concerned. On-body UWB/off-body WiMax dual-model
and dual-link (DM-DL) in which case the two modes are working at
the same time and the received signal of WiMax is an EMI to UWB
is the development trend in future UWB WBAN;, investigation on this
topic is of significance to the development of a realistic UWB WBAN
system. This is the main motivation behind this paper.

The organization of this paper is arranged as follows. In Section 2,
UWB/WiMax dual-link body channel model and dual-mode signal
model are investigated. Some key issues for pathloss and power delay
profile of UWB on-body channel are developed experimentally with
their extracted parameters presented. The dual-mode signal models
are also described in details by mathematical expressions. In Section 3,
UWB WBAN BER characteristics in DM-DL scenario are studied by
using system level simulations. Their results of the system performance
for our on-body UWB communication system under WiMax EMI are
obtained and analyzed. Conclusions are finally drawn in Section 4.

2. CHANNEL AND SIGNAL MODELING

2.1. Dual-link Body Channel

Our dual-link body channel model includes UWB on-body channel
model and WiMax off-body channel model. Between them, the WiMax
off-body channel can be considered as a single-tap channel, and its
pathloss model is free space model. The reasons are as follows: (1) the
WiMax off-body channel in our cases is a line-of-sight channel; (2) the
distance between WiMax TX and WiMax RX is far, the two antennas
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are in the far field regions; (3) the influences of human body to UWB
RX characteristics are all concluded and considered in the gain patterns
of UWB RX antenna. However, as for UWB on-body channel, because
of the wide bandwidth of UWB and the highly frequency-selective
characteristic in the UWB frequency band, the UWB on-body channel
model consists of a pathloss model and a power delay profile model.
These two UWB channel models are both developed by measurements
with antennas mentioned above and will be used in our following
simulations. Sections 2.1.1 to 2.1.3 are the details of the two UWB
channels.

2.1.1. Measurement Setup

To develop the UWB on-body channel model, measurements are
essential, which play an important part in exploring WBAN channel
behavior. There is a key point that a miniaturized UWB antenna with
good performance is needed. A miniaturized UWB antenna with good
performance developed in [8] is chosen as our reference antenna with
some material parameters modified (FR4 substrate thickness 1.5 mm
and relative permittivity 4.4). Two identical antennas used for TX and
RX are fabricated. Figure 1 and Figure 2 show the structure and return
loss of the antennas placed on the surface of the body, respectively.

(a) (b)

Figure 1. Structure of the modified UWB antenna: (a) top view;
(b) back view.

We measure the So; parameter between the two antennas on a
real adult human body by using a vector network analyzer (VNA).
The measurements are performed in the frequency range from 3.1 GHz
to 5.1 GHz in an indoor room. In the process of measurements, the
body is in a standing position with arms hanging along the side.
Specifications in this measurement on VNA and other equipments are
listed in Table 1. The schematic diagram of the measurement is shown
in Figure 3.
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Figure 2. Return loss of the modified antenna.

Figure 3. Schematic diagram of the measurement: (a) TX and RX
positions; (b) Indoor measurement.

2.1.2. UWB Pathloss Model

Due to the complexity of body and strong antenna-body interactions,
EM wave propagation on-body will experience different processes, such
as absorption, reflection, diffractions and etc, according to their TX
and RX positions on-body. These make the UWB on-body channel to
be quite different from the other traditional wireless one.
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Table 1. Specifications in the measurement.

Equipment Parameter Value
VNA Agilent E5071C
Frequency range 3.1-5.1 GHz
VNA Number of .p01nts 1001
Sweep time Auto
. . Full-2-port
librat
Calibration (Tx power = 0dBm)
IF bandwidth 1 KHz
Gender Male
Height 175 cm
H bod
tman body Weight 70kg
Posture Standing
Indoor room Size 8 x4 x 4m3
Distance to body 5 mm

Antenna

Orientation

Head to head

In the processes of the measurements, the TX antenna is placed
on the different parts of body surface, while the RX antenna is fixed
on the navel of body, as shown in Figure 3. As summarized in Table
2, all the measurement positions are related to positions where sensors
are attached to measure vital signs such as electrocardiogram (ECG),
blood pressure, body temperature and so on. The distances between
TX and RX are also listed in Table 2.

Table 2. The distance between TX and RX.

Position Sensor Distance
d (TX-RX)/mm
TX1 ECG, Heart rate 100
TX2 ECG, Heart rate 200
TX3 ECG, Heart rate 300
TX4 ECG, Heart rate 320
TX5 Blood pressure 400
TX6 Body temperature 600
TX7 Acceleration 800
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For each TX and RX position, we take 10 snapshots of S3;. The
pathloss is obtained as mean path gain over the measured frequency
band, as shown in the following equation

PL(d(p))= — 20 * logy N N ZZ)HP ) (1)
=1n=1

where PL(d(p)) is the pathloss at the p051ti0n of p, at which the
distance between TX and RX is denoted by d(p). Ns and Ny are the
number of the snapshots and frequency samples, respectively. H f (n)
denotes the measured S2; for the position p, jth snapshot, and nth
frequency sample. The path loss for each position is computed and
plotted in Figure 4.
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Figure 4. Pathloss of the measurements.

We model the pathloss model of on-body surface as a log-linear
function of distance
PL(d) =axlog(d)+b+ N (2)
where PL(d) means the pathloss indB at a distance d inmm, and
a and b are the parameters derived by a least square fitting to the
measured average pathloss. N is a stochastic term which has a log-
normal distribution with zero-mean and standard deviation of on. We
get the pathloss parameters of our on-body channel model. The derived
parameters are listed in Table 3.

2.1.3. UWB Power Delay Profile Model

Ten snapshots of position TX2 in frequency domain are shown in
Figure 5. As we can see, position TX2 shows severe frequency selective
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Table 3. Parameters of our measured on-body pathloss model.

Parameter a b ON
Value 21.9 | 3.1 | 7.07

$21 (dB)

H L : 1 H H 1 H 1 H 1
32 34 36 38 40 42 44 46 48 50

Frequency (GHz)

Figure 5. Sy; in the frequency domain at position TX2.

fading. We convert the measured frequency domain data to time
domain by a frequency hamming window and IFFT, then get the
time domain channel impulse response (CIR). Peaks in each CIR are
identified to use only the best paths for channel modeling. A threshold
value that is 20dB less than the amplitude of the strongest path is
applied to the obtained local peaks. Then CIRs are normalized so that
the amplitude of the first path is equal to one and the arrival time of
the first path is Ons in each PDP. Figure 6 shows the path amplitude
al derived from the measured data, together with the simple linear
regression line.
The PDP model is given by a single cluster and exponential decay,
and its power delay profile, h(t), is modeled by
L-1
he(t) = arexp(je)d(t — t) 3)
=0
where a;, t; and ¢; denote the path amplitude, path arrival time, and
phase for the [-th path, respectively. d; is the Dirac function, L stands

for the number of the arrival paths. The phase ¢; is modeled by a
uniform distribution over [0, 27). The path amplitude a; is modeled
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by an exponential decay I" with a Rician factor ~g, which is given by
2 |0 =0
10logyp |auf” = { Yo + 10logyq (exp (—%)) +S 1#0 (4)
where S means a stochastic term modeled by a log-normal distribution

with zero-mean and standard deviation of og. The path arrival time
t; is modeled by Poisson distribution, which is written by

ptilti—1) = Nexp(=A(t; — t;-1)) (5)

where A means path arrival rate. The number of the arrival paths L is
modeled by Poisson distribution, which is written by

_ LE exp(Lay)

v

p(1) = ZerERCe) (6)

where L, stands for the average of the L.
Parameters of our measured PDP model are summarized in
Table 4.

Table 4. Parameters of PDP channel.

Parameters | Values
~o —8dB
ay 1N 21.7
o 7.39dB
t A 1.74ns
L Law 16.5

Relative power (dB)

Time (ns)

Figure 6. Exponential decay derived from the measured results.
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Figure 7. PDP model of UWB on-body channel.

According to the statistical parameters listed in Table 4, we obtain
a concrete PDP model, as shown in Figure 7. This on-body PDP
model, together with the pathloss model presented in Section 2.1.2,
are the basis of our on-body UWB system performance evaluation.

2.2. Dual-mode Signal Model

In this section, we describe the dual-mode model of our UWB and
WiMax system, as shown in Figure 8. In the system, a dual-mode
signal model with the orthogonal frequency division multiplexing
(OFDM) modulation is introduced. The multi-path UWB on-body
channel has been measured in Section 2.1. Due to the fact that the
WiMax off-body channel in our cases is a line-of-sight channel, the
signal power only in a single-tap of this off-body channel is considered
here.

2.2.1. UWB Signal Model
The UWB transmitted signal [29, 30] is given by

oo Ng—1
ss()= Y D wngdult — qTu)e™ ! (7)
q=—0o0 k=0

where Ng, Ty, and fs are the number of subcarriers, OFDM symbol
duration, and carrier frequency, respectively. As we know, the higher
order modulation method adopted, the higher data rate but also the
higher of error of the performance which could be defined by the
transmitting distance on the body. In weighing up the data rate
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Figure 8. The dual-mode system.

and the transmitting distance on body, only the QPSK modulation
is chosen. The transmitted QPSK symbols are denoted by xy ,, where
k and ¢ represent the subcarrier index and the OFDM symbol index,
respectively. The basic function of subcarrier k is given by

L i2mQsk(t=Cs) if t < [0.T
e i ,
o) ={ g7 0.1 0
where Cs, Dy = Ty — Cs, Wy and Qs = WN, are the duration
of the guard interval, the data-carrying part of the OFDM symbol,
the bandwidth of transmission, and the bandwidth per subcarrier,
respectively.

0 else

2.2.2. WiMax Signal Model

The OFDM-WiMax transmitted signal is given by
oo N;—1 .
sit) = ) Y znbm(t — 1T;)el* (9)
l=—00 m=0

where the modulated symbols are denoted by z,,;. Only the QPSK
modulation is chosen here. All parameters with subscript i are defined
similarly as the equivalent UWB parameters with subscript s. The
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basic function of subcarrier m is given by
L_ei2mQik(t=C3) if ¢ e [0, T;]

Ot) = { v (10)

0 else

2.2.8. Dual-mode System Model

It is well known that the UWB operates in 3.1-10.6 GHz while the
WiMax in 3.4-3.6 GHz. Therefore, there are some spectrum overlaps
of them, just as shown in Figure 5.

As shown in Figure 9, the WiMax transmitting signal S;(¢), will
come into on-body UWB RX through its spatial off-body channel h;(t).
This signal will be able to affect the UWB system as interference, which
leads to the performance degradations of the later. Due to the fact that
the off-body channel in our cases is a line-of-sight channel, the signal
power only in a single-tap of the off-body channel is considered here.
In this case, the WiMax signal can be described as

Swimax(t) = Si(t) © [hi(t)e—ﬁrfst} (11)

where in (11), h;(t) = Ael"(t —7) presents the single-tap channel with
amplitude A and phase offset «, where « is uniformly distributed in [0,
27|, and 7 denotes its time delay which is uniformly distributed on [0,
T

When the UWB transmitted signal Ss(¢) passes through its on-
body channel defined by impulse response hs(t) and path loss PL(d),
the received UWB signals can be written by

Suws(t) = {Ss(t) ® [-PL(d)hs(t)]} (12)
-80
i _ ””” WiMax
UWB
= -100
E .
é -120
*g _
= 140
B o e s e e e e e B L s
2 3 4 5 6
Frequency (GHz)

Figure 9. Spectrum overlap of WiMax and UWB.
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where PL(d) and hg(t) are the measured pathloss model and PDP
model given in Section 2.1, respectively.

Because the bandwidth of the WiMax signal is very narrow
compared with that of UWB signal, it is reasonable to consider that for
the DL-DM communications the dual-mode received signals on-body
at the UWB RX, consisted of the UWB signal and the WiMax one,
can be modeling additively as

T(t) = SUWB(t) + SWimaX(t) + n(t)

oo Ng—1
- { > Y xk,qm(t—qz’s)eﬂﬂfsf@[—PL(d)hsw]}

qg=—00 k=0

oo N;—1
{Z 3 it —1T) 32 @[hi(t)e—jﬂfﬂ}m(z&) (13)

l=—00 m=0

where in (13), n(t) is the complex additive white Gaussian noise
(AWGN). Suws(t) is the UWB signal at the UWB receiver which
passed through the human body, and Swimax(t) is the WiMax signal
at the UWB receiver which passed through the WiMax channel which
is composed of free pathloss and different kinds of penetration loss.
The final performance of the UWB on-body system is determined by
the relative power level of Sywp(t) t0 Swimax(t)-

3. PERFORMANCE AND ANALYSIS

In Section 3, based on the two UWB on-body channel model
derived and the dual-model signal model described above, we evaluate
the performance of UWB on-body communication system and the
performance under the WiMax off-body EMI. In the processes of
simulation, to get a comprehensive understanding of the performance,
different UWB data rates and several WiMax interference power levels
at UWB receiver are considered.

3.1. Simulation Schematic Diagram and Conditions

The schematic diagram of simulation is shown in Figure 10, where
hs(t) is the on-body channel measured in Section 2.1. h;(t) is WiMax
channel.  S¢(t), S;(t), and r(t) are just the signals described in
Section 2.2.

The conditions of UWB and WiMax systems adopted in our
simulation are listed in Table 5.

Some parameters of UWB and WiMax system layer are added in
Table 6.
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3.2. Performance Evaluation

To evaluate the performance of UWB on-body communication system
under the WiMax interference, three vital factors are required carefully
considered. The three factors are: (1) The UWB data transmitting
rate r. (2) The UWB data transmitting distance d. (3) The WiMax
interference power I at UWB receiver. r is inversely proportional to d,
bigger r corresponds to smaller d. What I UWB received has a great
impact on its performance reflected on the BER (no more than 1073)
of the UWB system.

The WiMax off-body channel in our simulation is free space
pathloss channel, and its pathloss can be described as

PLWiMax(dWiMax) = —27.6 + 20 * log(fWiMaX/MHz)
+20 * log(dwiMax/m)
= 43.03 + 20 * log(dwirax/m) (14)

Considering the typical EIRP (about 33dBm) and wall

WiMax
T

Figure 10. Simulation schematic.

Table 5. Conditions of UWB and WiMax OFDM systems.

UWB WiMax
N 128 N; 256
Ws | 528 MHz | W; 10 MHz
T 312.5ns T; 32 us
Cs 70.07 ns C; 6.4 us
Dy | 24243ns | D; 25.6 us
Qs | 4125MHz | Q; | 0.039 MHz
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penetration loss (about 16dB), we compute some dwimax (m) for
I (dBm) under different WiMax propagation environments. The
computed results are shown in Table 7. Among the table, dwimax
is the distance between WiMax terminal and UWB receiver, n is the
number of the walls between them.

The simulated results of 480 Mbps UWB under WiMax EMI are
shown in Figure 11, which indicates the relationship between the BER
and d (distance between UWB TX and RX antenna) under different
I when the UWB data transmitting rate r equals 480 Mbps. Without
loss of generality, we set the threshold value of BER is 10~3 (when the

Table 6. Parameters of UWB and WiMax system layer.

UWB
Frequency 3168-4752 MHz
Transmitting power —9.9dBm
Channel models On-body channel model
Data length 1024
WiMax
Carrier frequency 3.4GHz
Channel model AWGN
Path loss model Free space model
Power at the UWB receiver receiver | —80 to —40dBm

—o— No interf
—0—1=-80 dBm
—4—1=-70 dBm
107 o mmm oo e ‘ F---/ —1=60dBm
—0—1=-50 dBm

0.0 0.1 02 03 04
d (m)

Figure 11. Simulated results of 480 Mbps UWB under WiMax EMI.
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Table 7. Relationships between dwinax, 1, and 1.

N ~80 | 70 | —60 | -50 | —40
n

0 31514 | 996.6 | 315.1 | 99.7 | 31.5

1 4995 | 157.9 | 499 | 158 | 5.0

2 79.1 [ 2503 79 | 25 | 08

3 125 | 40 | 13 | 04 | 01

—0— No interf
——1=-80 dBm
—£—1=-70 dBm
——[=-60 dBm
—0—1=-50 dBm
—CO—1=-40 dBm

]
0.0 0.1 0.2

03
d (m)

0.4

0.5 0.6

493

Figure 12. Simulated results of 320 Mbps UWB under WiMax EMI.

UWB transmitting data can be correctly received). For r is 480 Mbps,

from Figure 11, we know that:

(1) When there is no WiMax interference, d is 0.245m.
(2) When I equals —80, —70dBm, d reduces to 0.2, 0.105m
respectively. And when I equals —60, —50dBm, d almost equals 0!
That is to say, when I equals —80, —70, —60, —50 dBm, Ad (the loss

of d) is 0.045, 0.14, 0.245, 0.245 m, respectively.

For r is 320, 160, 80 Mbps, the simulated results are shown in

Figures 12 to 14.

Due to the similarity of the 480 Mbps, the details of the analysis
for 320, 160, and 80 Mbps are not presented here. All the analyzed

results are arranged in Table 8.
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—O—No interf
—— =80 dBm
—4—1=-70 dBm
—0— [=-60 dBm
——1=-50 dBm
—0—I=40 dBm

d (m)

Figure 13. Simulated results of 160 Mbps UWB under WiMax EMI.

BER

——1=-80 dBm
—4—1=-70 dBm
—0—I=-60 dBm
—o—1=-50 dBm
—0—1=-40 dBm

1.0

0.6
d (m)

1.2

Figure 14. Simulated results of 80 Mbps UWB under WiMax EMI.

Table 8. Results for 480, 320, 160, 80 Mbps UWB under WiMax EMI.

480 Mbps 320 Mbps 160 Mbps 80 Mbps
Interf dm) | Ad(m) | d(m) | Ad(m) | d(m) | Ad(@m) | d(m) | Ad(m)
No interf 0.245 0 0.363 0 0.625 0 0.80 0
—80 dBm 0.20 0.045 0.33 0. 033 0.44 0.185 0.61 0.19
—-70dBm | 0.105 0.14 0.27 0.093 0.31 0.315 0.40 0.4
] | —60dBm 0 0.245 0.07 0.293 0.09 0.535 0.15 0.65
=50 dBm 0 0.245 0 0.363 0 0.625 0 0
—40 dBm 0 0.245 0 0.363 0 0.625 0 0
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3.3. Results Analysis

From Table 8, we know that when there is no WiMax EMI,
transmission distance d equals 0.245, 0.363, 0.625, and 0.80 m for 480,
320, 160, and 80 Mbps data rate, respectively. The smaller r is, the
further transmission distance d can we obtain. As shown in Figure 3
and Table 2, if we choose the upper part of the body as the TX and
RX area, only 160 and 80 Mbps UWB on-body system can cover the
transmission distance. When whole body is used for TX and RX area,
only 80 Mbps system can achieve the communication.

When the WiMax off-body EMI exists, there is a sharp decline
of the UWB transmission distance d. Take n = 0 and n = 1 two
cases for example. For the former, 480, 320, 160, and 80 Mbps UWB
can cover 0.20, 0.33, 0.44, and 0.61 m transmission distance, as long
as the dwimax (distance between WiMax terminal and UWB receiver)
is bigger than 3151.4m. However, if the dwimax is 996.6 m, 480, 320,
160, and 80 Mbps UWB can only cover 0.105, 0.27, 0.31, and 0.40m
transmission distance. As the dwinmax descends, the d falls sharply.
For the latter n = 1, because of the loss of the wall, d can get some
degree of improvement. 480, 320, 160, and 80 Mbps UWB cover 0.105,
0.27, 0.31, and 0.40m, so long as dwinmax does not exceed 499.5m. As
the n increases, the improvement of d is appreciable and it denotes
the elevation of the anti-interference ability of UWB on-body system.
Some other similar analysis can also be concluded just like above.

4. CONCLUSION

In this paper, a UWB on-body communication system and its WiMax
EMI scenario are established and researched. A miniaturized UWB
antenna is adopted to measure the on-body channel model. On
the basis of the measured on-body channel model, we investigate
the transmission performance and anti-interference ability of the on-
body UWB system. Simulated results show that the transmission
distance of on-body UWB system is quite limited and can be greatly
influenced by WiMax EMI. However, this interference can be mitigated
by some means, such as moving the WiMax equipments away from
the UWB system, optimizing the capability of UWB receiving filter
and improving the isolation between the UWB RX and WiMax TX
antennas. The conclusions and suggestions in this paper have major
significance in the applications of UWB spectrum planning, WBAN-
UWB communication and UWB/WiMax double-mode coexistence.
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