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ABSTRACT

Recent advances in sensors,
integrated circuits,
enabled the design of low-cost, miniature, lightylj and
intelligent physiological sensor nodes. Being cépabf
sensing, processing, and communicating one or naiad

signs, these nodes can be seamlessly integratedvirgless

technological

personal or body area networks (WPANs or WBAN

respectively) for health monitoring. These netwopkemise
to revolutionize health care by allowing inexpemsinon-
invasive, continuous, ambulatory health monitorimngth
almost real-time updates of medical records vialiiternet.
Though a number of ongoing research efforts aresiog on
various technical, economic, and social issuesyrtechnical
hurdles still need to be resolved in order to h#egible,
reliable, secure, and power-efficient WBANs suigalibr
medical applications. This paper discusses impleatiem
issues and describes the authors’ prototype seesaork for
health monitoring that utilizes off-the-shelf 802.4
compliant network nodes. The paper presents pednca
analysis for different health care equipment foo®IPAN
based wireless netwark

|. INTRODUCTION

low-pow

and wireless communicationsveha

considering the emerging low-rate wireless perscaraa
network technology as specified in the IEEE 80215.
$indard [3] with implementation of 6LowPAN [4] foable
replacement and short range connectivitg. experience the
required technologies, a CC 2420 single chip whiphkrates
at 2.4 GHz [5], also being IEEE 802.15.4 complianid
including ZigBeé&™ ready radio frequency transceiver [6], is
currently deployed. We are analyzing the perforreaissues

df different medical wireless devices including el@rss

electrocardiography (ECG), breathing rate (BR), nski
resistance (SR), and body temperature (BT) senBorsthis
purpose, we carried out experiments with diffepartameters
including packet length, time of arrival, roundpttime with
different distance values.

Most likely multiple wireless technologies will hesed
simultaneously in the same area at hospital. Asréuios
share the same frequency spectrum, the interferkveds
between them are matter of concern in such unforgiv
environments. Thus, after evaluating technologies
independently, we investigate performance behasfothe
devices whether they can coexist by quantifyingitiygact of
any potential interference.

The following discussion is based on the ideaswork
carried out by the WILHO Consortium [7] in Oulu feqg in
Finland. Besides th&€entre for Wireless Communications

An emerging application for wireless sensor networKCWC) the other key contributors for the research casepr

involves its use in medical care. In a hospital atinic,
outfitting every patient with tiny, wearable wirskevital sign
sensors would allow doctors, nurses and other bamegto
continuously monitor the statuses of their patierits an
emergency or disaster scenario, the same technaelogyd
enable medics to more effectively care for largenbers of
casualties. First responders could receive
notifications on any changes in patient status,hsas
respiratory failure or cardiac arrest. Wirelesssses could
augment or replace existing wired telemetry syst&mmany
specific clinical applications, such as physicaiafgilitation
or long-term ambulatory monitoring.

immedi

the Intelligent Sensor Group(ISG) at the Computer
Engineering Laboratory and the Optoelectronics and
Measurement Techniques Laboratory (OEM)at the
University of Oulu andOulu University Hospita{OUH). In
addition to the academic contributors, the congortin Oulu
region has two SME'sODL Health Ltd (ODL, private
ospital) andWhealthLtd. All these parties have formed the
ILHO Consortium to improve the utilization of wiess

technologies in hospitals and promote the conclejiady.

. REQUIREMENTS FOR WIRELESS MEDICAL
SENSORS

This paper reviews and extends the work we predénte The requirements for a medical sensor network desépend

[1, 2]. Before brining all medical devices in taethescribed
architecture [1], we carried out performance meas@nts
with respect to different vital parameters. Manystoaints
imposed by diverse applications and different csizglies
make the choice of a singular wireless technolowyyeed
challenging. Therefore, it is expected that manyelgss
technologies with variety of devices have to beduseorder
to support different application requirements.

greatly on the specific application and deployment
environment. A sensor network designed fad hoc
deployment in an emergency situation has very diffe
requirements than the one deployed permanenthjhiwsaital.

In general, we can identify several characteridfieg nearly

all medical sensor networks would share.

Wearability: To achieve non-invasive and unobtrusive

In this paper, we focus primarily on low-rate medic continuous health monitoring, wireless medical sess

applications deployed in different

i Centre for Wireless Communication (CWC), UniversifyOulu, Finland.
" Computer Engineering Lab, University of Oulu, Bindl.

environment hilshould be lightweight and small. The size and weigh

T Optoelectronics and measurement techniques Labetsity of Oulu, Finland.
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sensors are predominantly determined by the sidensight applications. We examine the stability of new later [EEE
of batteries. However, battery’'s capacity is diyectStd. 802.15.4-2003 [3] and its suitability to loate medical
proportional to its size [8]. We can expect thattHar applications. The IEEE Std. 802.15.4 [3] describesy low
technology advances in miniaturization of integlatércuits rate wireless technology that is designed for comioation
and batteries will help designers to improve mddsemsor among wireless devices within a short range usiny low
wearability and the user’s level of comfort. power (most likely battery operated).

) o ) o ) Recently, applications could not make use of curren
Reliable Communication: Reliable communication in wireless techno|ogies or they use proprietary gohat (|n
wireless hospital area network is of utmost impueea for most cases unidirectional) [12]. The 802.15.4a ise@ent
medical applications. The communication requiremeot revision of the standard IEEE 802.15.4; in particult
different medical sensors vary with required sangplrates specifies a new different optional physical (PH¥ydr for
from less than 1 Hz to 1000 Hz [9]. One approacimiorove yjtra wideband (UWB) [13] for frequencies bands &bz,
reliability is to move beyond telemetry by perfongion- 6.10 GHz and less than 1GHz. The principle intecéshis
sensor signal processing. For example, insteachn$ferring ajternative PHY is in providing communications ahigjh
raw data from an ECG sensor, we can perform featyiRcision ranging/location capability (1 meter aecy, or
extraction on the sensor, and transfer only infagionaabout petter), high aggregate throughput ultra low povastding
single event. In addition to reducing heavy demafosthe scalability to data rates, longer range and lovost.c
communication channel, the reduced communication
requirements save total energy expenditures, a§ldowPAN framework: The IPv6-over-IEEE 802.15.4 [14]
consequently increase battery life. A careful traffe gocument specifies the IPv6 headers carrying o#EEl
between communication and computation is crucial §p2.15.4 network with the help of a LoOWPAN adafati
optimal system design. layer which locates between the MAC layer and tegvork
layer (compressed IPv6) as depicted in Fig. 1. Od®&WPAN
Sdaptation layer must be provided to comply withvaP
requirements of minimum maximum transmission unit
(MTU). However, it is expected that most of the EE
.r§§2.15.4 applications will not use large packetsnalb
. X plication payloads in conjunction with a propezatter
rounds. Handovers between different access poedd to be compression will produce packets that fit withinsagle

carried out. IEEE 802.15.4 frame [14].

Interoperability: Wireless medical sensors should allow The justification_ for this LQWPAN adgptation layismot
users to easily assemble a robust wireless hospitah Just for IPv6 compliance, as it is quite likely tithe packet
network, depending on the user's state of healdndards sizes produced by a certain application exchangesh as

that specify interoperability of wireless medicahsors will configuration or provisioning may require a smaliber of

promote vendor competition and eventually resultmiore fragments. The_ LOWPAN network is charactenzed_ W'l
affordable systems. powered, low bit-rate, low cost and short rangaggmission

[14]. Thus, all multicast nodes defined in neighd@covery
[15] is not often desirable in the LOWPAN netwotkEEE
802.15.4 does not have multicast support, however,
supports broadcast. Broadcast messages could lik inse
some cases to represent all-node multicast messages
periodic broadcast messages should be minimizedhén
LoWPAN network in order to conserve energy.

IEEE 802.15.4: IEEE 802.15.4 [3] is a proposed standard
addressing the needs of low-rate wireless persame&a
networks (LRWPAN) with the focus on enabling wirde
sensor networks. The standard is characterizedaiytaining
a high level of simplicity, allowing for low-costnd low-
power implementations thus enabling applications,
impractical for previous WPANS, in the fields ofdimstrial,
agricultural, vehicular, residential and medicahs®s and

Device mobility: Both patients and caregivers could b
mobile. This requires that the communication lageapts
rapidly to the changes in a link quality. For exdenpf a
multihop routing protocol is used, it should quickind new

I1l. WIRELESSTECHNOLOGY AND MEDICAL APPLICATIONS

In this section, we describe two potential wirelesshnology
candidates for medical applications and give af lonerview
of the characteristics and requirements of thepécagions.

IPv6é MTU
1280 bytes

actuators. H P G Dual 6LoWPAN
. . . t
Various wireless technologies, such as IEEE 802.11 ok pavid Sensor nods
WLAN family [10] already exist for military and mesal Qe RS ) (e )

applications, to be used in Internet access amdsfilaring.
However as time and technology progress, so does

infiltration of wireless into other areas and maﬂic Eiharmator oive(LOWPAN Adaptation Layer)
app“CatIOﬂS [11]. Cable replacement for remO\ﬂlﬂwerlng PHY MAC/PHY |IEEE802.15.4 MAC/PHY |IEEE802.15.4 MAC/PHY

devices and flexible configuration for mobile unégpear to ) _
begood reasons for applying wireless technologiesedical Figure 1: 6LoWPAN frame work.

Transport Layer
p e DP. P

( Transport Layer ) Transport Layer
ompressed

(C UDP/TCP)

Network Layer Network Layer
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Application requirements. In this section, we describe the
nature of some medical applications and their requénts
that have life or death implications when data dst,|
corrupted, or delayed. This is unlike in most other
environments where the requirements are mainlynéirz
based. As part of the framework evaluation, theHEEB73
group has defined a number of potential medical appticat
and usage cases. Each medical application is deifimterms
of data rate (raw data needed to be transported)teend
latency (potential packetization and transmissietay), and
expected coverage area (radio distance between two Figure 2: ExG amplifier board

communicating devices).

An example of a medical application is electrocagdam Skin Resistance Board: U532 skin resistanctEda” board
monitoring. It uses a star topology where multigknsors [17] is used in the measurements. The board has two
communicate with a data unique collector. additional analog inputs; temperature sensor irgnd an
An ECG is an electrical method to investigate hdieases. input for a piezoelectric breathing rate belt. Tamperature
It can identify abnormalities in the heart's elemdl sensor inputis intended for use with an NTC typessr with
conduction system. The data stream from the dagitanalog a nominal resistance of 100k The breathing rate sensor
signal could be sent to a control monitor thatvailable on needs external biasing with two resistors. Skinistasce
either a nurse’s personal digital assistant (PDAx murse’s board is shown in Fig. 3.
personal computer (PC). As a part of an ECG system,
personal worn device (PWD) defined by the IEEE 16#Rip
(i.e., a wireless electrode) generates 4 kbps &d.dahe
latency introduced by the packetization of the dasipnd the
transmission delay should be below 500 ms.

IV. MEDICAL DEVICES

In patient wards, there is a need for non-invasive easy to
use monitoring equipments that are capable of keefrack
of the most important vital parameters. These patars are

ECG with 3 electrodes, heart and respiration rabeggen Figure 3: Skin resistance board
saturation, non-invasive blood pressure (NIBP) domdly
temperature. Frequency ranges, sensors and b# odtthe V. MEASUREMENTS RESULTS

most commonly measured signals have been presémted
[16]. Total data rate for one patient is betweerk#% and 78 During our research, lots of experiments were edrout to
kb/s depending on the amount of the ECG-electrfig]s discover some of the characteristics of medicaleless
sensor network. We present measurement resultgaloate
ExG Amplifier Board: In our measurements, USEXG” the performance of a low-rate WPAN. In the measured
amplifier board is used [17]. The ExG biopotenaatplifier system, the MAC and PHY layers are based on IEEE
board uses the IMEC ExG amplifier ASIC. The ASIGirol 802.15.4 (low rate WPAN) with adaptation layer of
signals that are connected to the micro.2420 [1G4rd 6LoWPAN [18]. In general, we find that performamesults
through the busThe board has also two additional analogary according to the network configuration, dist&nand
inputs; temperature sensor input and an input for packet length. We measure different results fofedst
piezoelectric breathing rate belt. The temperasergsor input medical devices in the presence of WLAN.
is intended for use with a negative temperaturefficient
(NTC) type sensor with a nominal resistance of(20khe NanoStack: In the measurements, every node has been
breathing rate sensor needs external biasing witb tprogrammed with NanoStack [17]. NanoStack suppbedP
resistors. The power for the ExG board and for ti@OWPAN wireless sensor networking solution for wer
micro.2420 board is supplied by two alkaline batethat are limited low-power wireless devices. The architeetis made
connected to the power input. The nominal inputagd is up of the NanoStack protocol solution for embedd&eless
3.0V while maximum safe input voltage is approxieat nodes along with drivers and tools for accessingeless
3.6V [17]. The board also provides an approximate®V nodes from a PC.
output for the patient bias electrodes. The EXG ldiep NanoStack is executed as a single task in the Ai@&R
board is shown in Fig. 2. environment. This allows reduced memory usage and
provides an effective way for flow control. Protboamodules
are always executed sequentially. Stack usage sieasyalso
simplified, as the protocol modules do not usedifenction
calls between each other.

! http://www.ieee1073.org 2 http://www.freertos.org/
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The main stack loop is responsible for module handEda and ExG boards, with sampling rate of 50Hz 20@Hz,
execution. Buffers move along a single buffer quemeich respectively, it can be seen that the differencévden
ensures that the user application is not blockedngua packets arrival times for Eda is almost double xGElevice,
protocol stack operatiomNanoStack can flexibly hold a largewhich indicates that the sampling rate and packss koth

variety of protocol elements which are configuregether have impact on the arrival time.

into stacks. A protocol stack can include everyghinom

Zighbeé™ and TCP/IP [19] to traditional wired controllerear
network (CAN).
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Figure 5: Effect of packet size on arrival time

Figure 4: The internal components of the NanciSgach.

Anything that can be accessed through a socked-stidrface

can be implemented in NanoStack. NanoStack inclubes
following protocol elements: IEEE 802.15.4, networ
manager, NanoUDP and 6LoWPAN. The NanoStac
architecture is introduced in Fig. 4.

Scenario — |

We use ExG board to simply check the performancéhef
packets in the network. We measure packet arrivads for
different packets sizes. Different number of samplas been
added in the packet to increase its size. Each Isahgs 2

Arrival time (ms)

Arrival time Vs Packet size

—e— ECG and BR; sanpling rate = 200Hz

—
e

62 70 78 86 94 102 110 118 126

Packet size (Bytes)

bytes size. The averaged arrival time versus palekeith
measurement were carried out using 500 packetssegs
from figure 5, the effect of increasing packet kng

Figure 6: Effect of packet length on arrival time

substantially increases the packet arrival time rwhhke
sampling rate is 200Hz.

It is observed that with maximum packet size, theval
time is under 190ms. We change the ExG board canatmpn
so that it can read both values from ADC, i.e
electrocardiography (ECG) and breathing rate (BRhas
been noticed that the packet arrival time lies leetw200 ms
to 300 ms when packet size varies from 62 bytdibbytes.
The results are shown in the Fig. 6.

To illustrate the simultaneous use of the two weisel
medical devices, we repeat the previous procedaorethie
skin resistance (SR) and body temperature (BT)asensith
the sampling rate of 50 Hz. We plot the arrivaldsmersus
packet length for both devices; ExG and Eda bodfdg. 7
shows the impact of packet length on arrival tiroe ioth

ExG and Eda boards. It is observed that both sagpphte

Arrival time (ms)

Arrival time Vs Packet size

—e— SRand BT; sampling rate = 50Hz
—=&— ECG and BR; sampling rate = 200Hz
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and packet length have an impact on the packeftshtime in
6LoOWPAN network. With the maximum packet lengthnfro

Figure 7: Effect of packet length on arrival&ém
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Scenario — Il
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