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Abstract—Wireless body area networks (WBAN) are expected data rate which in the case of UWB translates into very small
to be a breakthrough in healthcare, leading to concepts like transmitting power requirements, i.e. longer battery. lifais
‘telemedicine” becoming real, since the sensor nodes in WENS, s 4 very desirable feature for devices that are going to be
communicating through wireless technologies, can transrhidata .
from the body to a home base station, from where the data clos_e to the body_ and meant to be u_se(_j for extended pe_rlods
can be forwarded to a hospital, clinic or elsewhere, real-the. of time. The design of UWB transmission systems requires
WBANSs have not only the potential to increase the quality of a good understanding the corresponding radio propagation
the medical care but also to keep under control the associale channel, which vary from one environment to another. For the
costs. The characteristics of radio propagation, in the ca&s of  4qa of indoor and outdoor scenarios comprehensive studies

WBANS, is expected to be distinct from the ones found in other f the UWB ti h I h b f di
environment, since the human body has a complex shape and© € propagation channel have been performed In

consists of different tissues. In a reality, patients have arious recent years [3, 5, 6]. It is natural to expect that the chlnne
levels of mobility, e.g. walking, wheelchairing, eating, &. It is a characteristics for those cases will be different than theso
fact that for most medical conditions patients are encouragd to  found in WBAN scenarios due to the effect of the human
walk or move as much as they can tolerate in order to improve body with its complex shape and different tissues, each aith

their recovery. The fluctuations of the radio channels in the . e
proximity of a human body under dynamic situations should then  différent permittivity. UWB measurements around the human

be well understood for proper design of these body are netwis. Pody have been carried out by various researchers [7-9].
Our contribution in this paper is to elaborate the knowledgeof —However, these experiments have been limited to scenuaos t

the ultra-wideband (UWB) channel in the frequency range of 31-  are questionable for most medical applications. Expertaien
ig dgﬁébtfﬁrsigﬁccaaﬁg g)f/nV;/rEQNsséelr?a{ieoi! hospital environments \yeasyrements under conditions more likely to be approved

' in the medical care field was done in [10, 11]. UWB indoor
measurements and modellings in a hospital environment were
done in [12]. However, the effect of human body was not

Wearable health monitoring systems integrated into iacluded in their study.

telemedicine system supporting early detection of abnbrmaln this paper, we contribute in experimental measurements
conditions and prevention of its serious consequences hawveeal hospital environments under both static and dynamic
been experiencing continuous developments and improwenditions, namely, body movement in the scenarios which
ments during recent years [1]. Many patients can benefit framost likely happen in the medical care field. This is a
continuous monitoring as a part of a diagnostic procedummntinuation of the other works done in an anechoic chamber
maintenance of a chronic condition or during superviseas a reference point and in a classroom [10, 11]. Comparing
recovery from an acute event or surgical procedure. Suchoathe results in the classroom, we can see if the presence
technology can increase the level of comfort and mobility aff the medical equipments or devices has any effect. The
the patient as well as has also the potential to reduce costenarios under consideration include the radio links eetw
by decreasing the need of having medical personal in closensor nodes themselves and between a sensor node to a
proximity to patients at all times. Recent advances in wsel UWB control node or gateway few meters from the body
technology have led to the development of wireless body ar, e.g., on a wall or the ceiling as shown in Fig. 1. The
networks (WBAN), where a set of compact intercommunicatreasurements obtained in this study are used to estimate the
ing sensors are either wearable or implanted into the humamannel parameters needed to build mathematical modéls tha
body, which monitor vital body parameters and movementan be used in WBAN medical applications.
[2]. By measuring the vitals and transmitting them to a cantr
node or station, a WBAN allows for continuous monitoring of 1.
the patients’ health status without the burden of wireschtd The channel measurement system described in this paper
to their bodies or frequent visits by medical personal. &jltr consists of an HP Agilent 8720ES [13], a vector network
wideband (UWB) communications is a promising technologgnalyzer (VNA), SkyCross SMT-3TO10M-A antennas [14],
for WBAN due to its particular characteristics [3, 4]. Thés-m long SUCOFLEX® RF cables [15] with 7.96 dB loss
monitoring of vitals and movements requires a relatively loand a control computer with LabVIEW! 7 software. The
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Fig. 1. Channel links in wireless medical communicatiors: the WBAN @7Tx (Sensor node on body)

channels: (Al) the channels between sensor nodes themsmivid2) the

channels from sensor nodes to a gateway, (B) the channeldrgateway to )
some other wireless networks. Fig. 2. Floor plan of a regular hospital room, where fti&¢ — 3*d sets of
measurements was conducted..

antennas are azimuthally omni-directional with their atidin
patterns as shown in [14]. The VNA is operated in a transfer
function measurement mode, where port 1 and port 2 are
the transmitting and the receiving ports, respectivelyisTh
corresponds to &5 -parameter measurement set-up, where the
device under test (DUT) is the radio channel. The frequency
band used in the measurements is from 3.1 GHz to 10 GHz,
which is the entire frequency range of the antennas. Thexefo
the bandwidthB is 6.9 GHz. The maximum number of ) 3
frequency points per sweep/ is 1601, which can then be

used to calculate the maximum detectable delgy. of the Fig. 3. Arm movements in a laying down position emulating. ehaving a
channel as meal on the patient bed.

Tmax = (M —1)/B. (1)

) _ chamber.
Using (1), the maximum detectable delay. of the channel The 1% set of measurements study the radio link A1 when
is 231 ns, which corresponds to 69.3 m in free space distange

. . . . Subject is laying down on a bed in the regular room as
Here we are interested in the first 20 ns, i.e., at m05t6mawﬁ¥strated in Fig. 2. The receive (Rx) antenna was at the

from the body. We have leamnt in [10-11] that the radio IInIIFniddle front of the torso and the Tx antenna was placed on

is significantly improved with a dielectric separation bgem the left hand wrist. These locations are comfortable fortmos
the body and the antennas. Therefore, a 1.2 cm dielectric

separation is applied for the entire experiments in thisepap
The measurements setups are designed with more realistic
scenarios in mind. This means that the number of antennas
near the body should be small. Also, only comfortable loca-
tions on the body where to place the antennas are selected. In
addition, the transmit (Tx) power is 1 mW (0 dBm) according
to Bluetooth class 3 radiation.

The UWB channel measurement experiments were con-
ducted in hospital environments. The measurements were
taken at three different places, i.e., in a regular hospital
room with the size of 6.3 m7.2 mx2.5 m as shown in
Fig. 2, along a corridor, and in a surgery room. Both radio
links Al (between sensor nodes) and A2 (between a sensor
node and a room gateway) defined in Fig. 1 were done
for each place. In the regular room and along the corridor,
dynamic measurements emulating the mobility of a patient
were conducted, whereas the patient is supposed to still lay
down in a surgery room. All measurements of each scenario
in the hospital are compared to the ones done in an anechoic Fig. 4. Each position of a walking cycle.
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Fig. 5. A corridor, where the'? set of measurements was conducted. Fig. 7. The average channel impulse responses ofl theset of measure-
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Fig. 6. A surgery room, where thg® set of measurements was conducted. o 5 10 Del;f'[ns] 20 25 30

Fig. 8. The average channel impulse responses ofitheset of measure-

. . . ments, when the subject is laying down and having a meal igaaehospital
patients and they are pOte_ntlaI places for antennas/eamese room. The Rx antenna and the Tx antenna are at the middledfdhe torso
connected to electrocardiogram (ECG) sensors and a pulse at the left hand wrist, respectively.
oximeter. We also investigate when the subject is layingrdow
and is moving his arm during having a meal as illustrated
in Fig. 3. Considering that a single frequency domain mea- I1l. RESULTSANALYSIS
surement in the 3.1-10 GHz band lasts for several seconds o o )

a real-time measurement of the radio channel fluctuationsone hundred individual realizations of the channel impulse

due to the body movement is not technically feasible ovEFSPONses were measured and averaged for each position. Fig
R 1 1ihS

a frequency band of several GHz. Instead, a pseudo—dynal%|§EOWS the averaghe chfz;mnel |][nr!3ulse rgszonseds i theeet

measurement method was applied, where each position of {h&N€ static case. The effects of human body and environment

patient's arm was keeping still for a measurement duratiGi" P€ separately seen. The energy of these responses during
(e.g. 100 snapshots in our measurements). the human body effect laying on the first 15-20 ns decays
The 2 set of measurements study the radio link A2 for thgapidly, whereas the reflections off of the hospital roomseau

. " a large number of multipath components afterwards. This is
same laying down position, where the Rx antenna was placgz erent from the UWB indoor measurements in a hospi-

on a 2-m high pole locating 2 m away from the subject ar}dl

. environment presented in [12], which provides channel
the Tx antenna was on the left hand waist. The arm movement P . [12] o P
measurements are also included parameters corresponding to the modified Saleh-Valenzuela

) (SV) model in time domain and autoregressive (AR) model
In the same room, a pseudo-dynamic measurement metijogrequency domain extracted from the measurement data,

Famulatln(? a walking cycle as illustrated in Fig. 4 was amblieince the human body is not taken into account in their study.
in the 3™ set of measurements. In addition, the multipath components get faster fluctuated
Fig. 5 shows thei™ set of measurements along a corridoiyhen the medical equipments are turned on. The variability
Both situations when a patient walks with and without dri@poin amplitude and delay of the wave of each arm position
were taken. pointed out in Fig. 8 can cause severe problems in cross layer
Finally, the5'" set of measurements was done in a surgeiycluding medium access control (MAC) design. There is a
as depicted in Fig. 6, where the medical equipments can lhie longer delay of the first arriving wave in the position one
turned on or off. than in the other two positions since the Tx antenna is farthe
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room. The Rx antenna and the Tx antenna are placed on a 2-mphigh Fig. 10. The average channel impulse responses of3fHeset of mea-
locating 2 m away from the subject and on the left hand wagstpectively. surements, when the subject is standing in a regular hbspiian. The Rx
antenna and the Tx antenna are at the middle front of the trdat the left
hand wrist, respectively.
from the Rx antenna. However, the difference is small in the
regular hospital room. The difference is even insignificast
seen Fig. 9 in the scenario when the Rx antenna and the Tx
antenna are placed on a 2-m high pole locating 2 m away
from the subject and on the left hand waist, respectively.
Moreover, since the radio link A2 is distant from the human
body, the effects of human body and environment are not
clearly devided. Fig. 10 shows the average channel impulse
responses of thaé' set of measurements, when the subject
is standing in a regular hospital room. The Rx antenna and
the Tx antenna are at the middle front of the torso and at
the left hand wrist, respectively. Likewise to tH&' set of
measurements, the effects of human body are seen first and the
multipath components from the reflections off of the hodpita
room come later. This is compared to the measurements done Delay ns]
in an anechoic chamber and a class room. As we can see, the _ _ o
environment in the regular hospital room gives more sdatjer 7'9: 11. The magnitude of the channel impulse responsesobf gasition in
. . . a walking cycle in a regular hospital room. The Rx antennathad'x antenna
and reflections than in the classroom. Fig. 11 shows tBe at the middle front of the torso and at the left hand wristpectively.
average of the magnitude of the channel impulse responses
of each position in a walking cycle in trg#d set. As we can
see, the arm movement during a walking cycle has a significant
impact on 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 in Fig. 4, T Cormdor with crippole
the strongest path arrives earlier than in the other positiue bodyefet Lo regular room
to the shorter distance between both antennas. There are als
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 shown in the position 6, where the left hand moves
to the lowermost position. After 15-20 ns, the reflections of
of the hospital room appear.

Unlike in a regular room, more additional peaks due to
the reflection of the corridor in a corridor environment aris
as plotted in Fig. 12. Moreover, the drippole causes faster
fluctuation of multipath components. Fig. 12. The average channel impulse responses oftheset of measure-

Fig. 13 shows the average channel impulse responses of fi§&ts, when the subject is standing in a corridor and a regaispital room.
5'h set of measurements, when the subject is laying down irﬁths Te?tnﬁz?&awar?g t:fs Tx antenna are at the middle front dlotse and

, respectively.
surgery room. The Rx antenna and the Tx antenna are placed
on a 2-m high pole locating 2.5 m away from the subject
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Fig. 13. The average channel impulse responses ob'theset of measure-
ments, when the subject is laying down in a surgery room. Thefenna
and the Tx antenna are placed on a 2-m high pole locating 2.#%awy &rom
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the subject and on the left hand waist, respectively.

TABLE |

RMS DELAY SPREADTRMS OF THE MEASUREMENTS

hospital room cause a large number of multipath components
afterwards. This is differ from the typical UWB indoor mea-
surements, where the effects of human body are not included.
In a reality, patients have various levels of mobility, e.g.
walking, wheelchairing, eating, etc. It is a fact that forsho
medical conditions patients are encouraged to walk or meve a
much as they can tolerate in order to improve their recovery.
The fluctuations of the radio channels in the proximity of a
human body under dynamic situations should then be well
understood for proper design of these body are networks.
A pseudo-dynamic measurement method was applied since a
real-time measurement of the radio channel fluctuationgaue
the body movement is not technically feasible over a frequen
band of several GHz. In addition, the medical equipments
in hospitals can affect more or less the radio propagation
characteristics.
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