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Abstract—It is reasonable to assume that patients in hospitals and
other medical facilities have various levels of mobility, e.g., walking,
wheelchairing, eating, etc. There is also growing evidence that for most
medical conditions having patients move or walk, as much as they can
tolerate, will improve their health. Wireless body area networks (WBAN)
are being considered as the enabling technology that will facilitate remote
monitoring of patients’ health status in such dynamic scenarios. The
human body has a complex shape and consists of different tissues. It
is then expected that the propagation of the electromagnetic waves,
in WBANSs, will have different characteristics than the ones found in
other situations, e.g. outdoors, offices, etc. The contribution of the work
described in this paper is to expand the knowledge of the ultra-wideband
(UWB) channel in the frequency range of 3.1-10 GHz in close proximity
of a dynamic human body. The experimental measurements are used
to develop mathematical models for the radio channel. These models
can then be used to better design communication network protocols for
WBANSs.

[. INTRODUCTION

Wireless medical telemetry has been experiencing continuous
developments and improvements during recent years [1]. In this
type of application a patient’s health is remotely monitored through
the use of radio technology. As a result of this technology the
number of medical devices that are physically connected to patients is
minimized increasing their level of comfort and mobility. For the case
of medical applications these devices are connected to sensors that
monitor vital body parameters or movements. Ultra-wideband (UWB)
communications has become a promising technology for WBANs due
to its particular characteristics [2, 3]. The monitoring of human vitals
and movements requires a relatively low data rate which in the case
of UWB translates into very small transmitting power requirements,
i.e., longer battery life. This is a very desirable feature for devices
that are going to be close to the body and meant to be used for
extended periods of time.

To design and develop UWB systems that will be used in WBAN
applications it is necessary to measure, and then model, the cor-
responding radio propagation channel. For the case of indoor and
outdoor scenarios comprehensive studies of the UWB propagation
channel have been performed in recent years [2, 4, 5]. It is natural to
expect that the channel characteristics for those cases will be different
from the ones found in WBAN scenarios due to the effect of the
human body with its complex shape and different tissues, each with
a different permittivity [6]. UWB measurements around the human
body have been carried out by various researchers [7-9]. However, no
medical or technical reason has been given to justify those scenarios,
e.g., using numerous antennas/transceivers very close to the human
skin [8]. Experimental measurements under conditions more likely
to be accepted in the medical care field were done in [10-11].
However, dynamic situations have not been covered in those studies.
In this paper, we contribute to (a) experimental measurements under
dynamic conditions, namely, body movements in scenarios which

Fig. 1. Antenna positions for the 15' set of measurements. The rectangle
represents the Rx antenna and the circle represents the Tx antenna.

most likely take place in the medical care field and (b) the analysis
of these measurements and the development of appropriate UWB
channel mathematical models. The scenarios under consideration
include the radio links between sensor nodes themselves and between
a sensor node to an UWB control node or gateway few meters from
the body, e.g., on a wall or the ceiling as shown in [10-11].

The experiments were first conducted in an anechoic chamber.
Measurements were taken for both static and dynamic situations.
These results highlight the importance to carry out a comprehensive
study of the nature of the propagation signals when they take place
close to a human body. The effect of body motions is investigated
and compared to the static situation. To obtain more realistic results
the measurements were repeated in a regular hospital room. The
measurements obtained in this study are used to estimate the channel
parameters needed to build mathematical models that can be used in
WBAN medical applications.

II. CHANNEL MEASUREMENT SETUP AND SCENARIOS

The channel measurement system is the same as in [10-11] and
consists of an HP Agilent 8720ES [12], a vector network ana-
lyzer (VNA), SkyCross SMT-3TO10M-A antennas [13], 5-m long
SUCOFLEX® RF cables [14] with 7.96 dB loss and a control
computer with LabVIEW™ 7 software.

As a reference, the UWB channel measurement experiments were
first conducted in an anechoic chamber to minimize other effects
from the environment. The 1°* set of measurements corresponds to
the radio link between sensor nodes on the body (radio link Al).
The Rx antenna is at the middle front of the torso and the Tx
antenna is placed on the left wrist as shown in Fig. 1. These locations
are comfortable for most patients and they are potential places for
antennas/transceivers connected to electrocardiogram (ECG) sensors
and a pulse oximeter. Considering that processing a single frequency
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Fig. 2. Positions of a walking cycle.
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Fig. 3. Antenna positions for the 279 set of measurements. The rectangle
represents the Rx antenna and the circle represents the Tx antenna, respec-
tively. There are three different directions for the Tx antenna: (1) facing the
Rx antenna, (2) beside the Rx antenna, and (3) with the back towards the Rx
antenna.

Fig. 4. Emulation of arm movements in a lying down position emulating,
e.g., when having meals on the bed.
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Fig. 5. Floor plan of a regular hospital room, where the 15¢ — 34 sets of
measurements were conducted.
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Fig. 6. Magnitude of the channel impulse response for each position in a
walking cycle of the 15 set.

domain measurement in the 3.1-10 GHz band takes several seconds,
a real-time measurement of the radio channel fluctuations due to
body motions is not feasible. Instead, a pseudo-dynamic measurement
method was applied, where each position in a walking cycle in Fig. 2
was kept still for the whole measurement period (e.g. 100 snapshots
per position), and was modified according to the walking cycle.

Fig. 3 shows the positions for the 2" set of measurements, with the
Tx antenna at three different positions, i.e., the middle of the chest,
the left-side of the waist, and on the left wrist. The Rx antenna is
placed on a 2-m high wall. This emulates the radio link A2. A pseudo-
dynamic measurement covering a walking cycle was again applied
in this set of measurements. In addition, at each position of the Tx
antenna, the measurements for different directions of the subject to
the Rx antenna were conducted, i.e., (1) facing the antenna, (2) beside
the antenna, and (3) with the back towards the antenna.

The 3" set of measurements aims to investigate the situations
when a patient is laying down and having a meal as illustrated in
Fig. 4. We consider two cases of the radio links, i.e., Al and A2.
The first case (set 3.1) is when the Rx and the Tx antennas are placed
at the middle front of the torso and on the left wrist of the subject,
respectively. The second case (set 3.2) is when the Rx antenna is
placed on a 2-m high wall, which is 1 m away from where the subject
lays down. The Tx is placed at either the middle front of the torso
or on the left wrist of the subject for the two subcases.

To obtain realistic results, all measurement sets were repeated in a
regular hospital room with a size of 6.3 mx7.2 mx2.5 m as shown
in Fig. 5.

III. RESULTS AND ANALYSIS

One hundred different realizations of the channel impulse re-
sponses obtained from the inverse fast Fourier transform (IFFT) of
the measured H (f) were averaged for each position. Since the energy
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RMS DELAY SPREAD TR\MS AND AMPLITUDE DISTRIBUTION OF THE STATIC AND PSEUDO-DYNAMIC MEASUREMENTS
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position in two walking cycles of the 15 set.

Measurement scenario RMS delay spread Amplitude distribution
w [ns] | o [ns] Delay bin 1 | Delay bin 5
Set 1: static 0.2087 | 0.0559 log-normal log-normal
pseudo-dynamic 0.1371 | 0.0670 Weibull Weibull
Set 2.1: Tx at the left waist
static: facing Rx 0.0839 | 0.0086 log-normal log-normal
pseudo-dynamic: facing Rx 0.0998 | 0.0301 Weibull log-normal
static: beside Rx 1.3332 | 0.2901 log-normal log-normal
pseudo-dynamic: beside Rx 1.9282 | 1.0313 Weibull log-normal
static: back towards to Rx 2.7254 | 0.6441 log-normal Weibull
pseudo-dynamic: back towards to Rx 2.1163 | 1.2027 Weibull Weibull
Set 2.2: Tx at the left wrist 0.0934 | 0.0251 | lognormal | Weibul
static: facing Rx
pseudo-dynamic: facing Rx 0.1036 | 0.0576 Weibull Weibull
static: beside Rx 0.0934 | 0.0251 log-normal Weibull
pseudo-dynamic: beside Rx 0.1036 | 0.0576 Weibull Weibull
static: back towards to Rx 0.1883 | 0.0774 log-normal log-normal
pseudo-dynamic: back towards to Rx 0.5721 | 0.5959 Weibull Weibull
Set 2.3: Tx. at thg middle front of the torso 00920 | 00222 Weibull Weibull
static: facing Rx
pseudo-dynamic: facing Rx 0.1047 | 0.0290 Weibull Weibull
static: beside Rx 0.3875 | 0.1725 log-normal Weibull
pseudo-dynamic: beside Rx 0.2181 | 0.1952 Weibull Weibull
static: back towards to Rx 0.7395 | 0.2033 log-normal n/a
pseudo-dynamic: back towards to Rx 0.7867 | 0.2304 log-normal n/a
Set 3.1:Stl:t)iicat the middle front of the torso 00589 | 00008 log-normal Jog-normal
pseudo-dynamic 0.0470 | 0.0695 Weibull Weibull
Set 3.2: Rx at a 2-m high wall
static: Tx at the middle front of the torso 0.0914 1 0.0058 log-normal log-normal
pseudo-dynamic: Tx at the middle front of the torso | 0.1866 | 0.0961 Weibull Weibull
static: Tx at the left wrist 2.2935 | 0.5045 log-normal log-normal
pseudo-dynamic: Tx at the left wrist 1.2115 | 1.5041 Weibull Weibull
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of these responses close to the human body decays rapidly we focus
only on the first 20 ns of each channel impulse response. Fig. 6 shows Fig. 8. Magnitude of the channel impulse response for each position in a

the average of the magnitude of the channel impulse responses for
each position in a walking cycle of the 15" set. As Fig. 6 shows, the
arm motion during a walking cycle has a significant impact on the
radio link from the Tx antenna on the left wrist to the Rx antenna at
the middle front of the torso. For instance, when the left hand moves
to the uppermost position 3, the strongest path arrives earlier than in
the other positions due to the shorter distance between both antennas.
There are also more significant paths due to the reflections of the wave
out of the arm and the shoulder. The shadowing due to blocking of
the body is noticed in position 6, where the left hand moves to the

eating cycle in the set 3.1

lowermost position. Fig. 7 shows the delay of the most prominent
peak of the impulse response for two walking cycles, respectively.
Fig. 8 shows the averaged channel impulse responses correspond-
ing to each arm position in the measurement set 3.1. There is a larger
delay for the first arriving wave and the reflecting waves in position
1 than in the other two positions since the Tx antenna is closer to
the body and is farther from the Rx antenna. In addition, for position
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Fig. 9. RMS delay spread of the channel impulse response for each position
in a walking cycle in the 15¢ set.
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Fig. 10. Amplitude distribution of the first delay bin and the distribution
fitting for static and pseudo-dynamic channels in the 15% set.

1 there is a larger antenna polarization mismatch than at the other
positions.

To evaluate the delay dispersion within the channel a value of
interest is the root mean square (RMS) delay spread Trwms. To
calculate it, all measured channel impulse responses are first truncated
above the noise threshold set to four times of the noise standard
deviation [15], i.e., -108.2 dB. The dynamic range varies depending
on the different cases of the measurements. The mean p and standard
deviation o of the RMS delay spreads are summarized in Table I. The
value of the RMS delay spreads depends on the probability of having
shadowing due to blocking of the body and being at a closer distance
between the Tx and the Rx antennas. For example, the result of 15°
set of the measurements (Fig. 9) shows the static case has higher
RMS delay spread than the pseudo-dynamic case. This is because
the Tx antenna has higher probability to be closer to the Rx antenna.
In addition, the standard deviations of the RMS delay spreads in the
pseudo-dynamic cases are always larger than the ones in the static
cases.

The Akaike information criterion (AIC), which calculates the
discrepancy between a candidate model j (j = 1,2,...,J) with
probability density function (pdf) g”_ is applied in order to compare

the distribution models against our empirical data [16]. Fig. 10
compares the amplitude distributions of the most prominent peak
(first delay bin) and the distribution best fitting the static and pseudo-
dynamic channels in the 15° set. We can see in Table I that the
amplitudes of the first delay bin are log-normally distributed for most
cases of the static situations. The Weibull distribution is the best one
for characterizing the probabilistic nature of most of the amplitudes

of the first delay bin in the pseudo-dynamic situations. For the fifth
delay bin, the amplitude distributions tend to be Weibull distributed
for most cases. The last case of the measurement set 2.3, when the
subject is back towards to the Rx antenna, is marked as not available
(n/a) since the signal level is too low to be of any use.

IV. CONCLUSIONS

We have conducted a series of UWB WBAN measurements in the
frequency range of 3.1-10 GHz including the effect of body motions
and constraints expected to be found in medical applications. The
fluctuations of the radio channels under such dynamic situations can
cause severe problems if not taken into account during a system
design. A pseudo-dynamic measurement method was applied since a
real-time measurement of the radio channel fluctuations due to the
body motions is not technically feasible over a frequency band of
several GHz. The differences of the results for both static and pseudo-
dynamic situations were found in terms of the RMS delay spread and
the amplitude distribution.
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