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Abstract—Emerging body-wearable devices for continuous
health monitoring are severely energy constrained and yetea-
quired to offer high communication reliability under fluctu ating
channel conditions. Such devices require very careful margge-
ment of their energy resources in order to prolong their lifdime.
In our earlier work we had proposed dynamic power control as
a means of saving precious energy in off-the-shelf sensordees.
In this work we experiment with a real body-wearable device
to assess the power savings possible in a realistic setting/e
quantify the power consumption against the packet loss and
establish the feasibility of dynamic power control for savig
energy in a truly-body-wearable setting.

Index Terms—Body-Area Wireless Networks, Dynamic Power
Control, Health Monitoring

I. INTRODUCTION

115 Milton Park,rggion OX14 4RZ, UK

we are developing the wireless infrastructure for inteltig
non intrusive, continuous patient monitoring.

For a body-wearable patient monitoring solution to be suc-
cessful the devices must be sufficiently small and lightiveig
so as to not impede patient activity. At Toumaz we are
developing the ultra low-power Sensiliidigital plasters”
(shown in figure 1) which are designed to be truly body-
wearable. This is a significant reduction in size over exgsti
prototype devices (such as the MicaZ motes [4] used in Har-
vard’s CodeBlue [11] project) while allowing for monitogn
of ECG, temperature, blood glucose and oxygen levels. The
SensiumMcan also interface to 3-axis accelerometers and
pressure sensors; and multiple digital plasters can behaith
to a patient, allowing physiological data to be relayed biack
a basestation SensidMplugged into a PDA or Smartphone.

Healthcare today is experiencing enormous cost pressureé small form factor inherently constrains the battery size.
from the necessity for monitoring patients with chronic medrhe Sensiurf"operates on a flexible paper-thin printed battery
ical conditions. The global demographic trend towards dA0] with a capacity of around 20 mWatt-hours (in comparison

ageing population, coupled with a sedentary lifestyle amakp

the MicaZ motes operate on a pair of AA batteries which

diet is leading to an increasing number of people living fderovide a few Watt-hours of capacity). Such stringent eperg
years (or even decades) with chronic conditions requirig@nstraints require careful energy management.

ongoing clinical management. The healthcare information Communication is the most energy consuming operation
systems in use today are mainly designed to manage adii@t a sensor node performs [5], and can be optimised at mul-

illness, and are ill-equiped to cope with demands for péveas
monitoring of chronic conditions. Wireless body-worn sems

tiple layers of the communication stack. At the physicaklay
we have innovated an ultra-low-power radio [13] suited to

devices have the potential to provide a large scale and cdyedy-area networks: our radio provides a proprieténkbps
effective solution to this challenge. At Toumaz Technologyvireless link over a distance @f10 metres, and consumes
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mW at a transmit strength of7 dBm (compare this to the
CC2420 radio [2] in MicaZ motes that consun®2s5 mW for

—T7 dBm output). At the data-link layer, energy can be saved
by intelligent medium access control (MAC) protocols that
duty-cycle the radio, i.e. by turning the radio off whenever
packet transmission or receipt is not expected. Severdd suc
MAC protocols have been developed in the literature (see [6]
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for a survey). The B-MAC [9] protocol included in the TinyOS Il. CHANNEL PROFILING

distribution and its enhancements [1] provide versatity — \ye pegin by empirically profiling the temporal variations
the_ application in controlling the duty-cycling of.the radi in the quality of the wireless link between a body-worn
while at Toumaz we have developed our proprietary MAGangiymMdevice and a fixed SensidMbase-station, as a

protocol [8] suited to body area networks. However, the?f%\tient wearing the device performs various activitiese Th
MAC protocols only controwhenthe radio is switched on, yasent was played by the first author. In each experiment
they do not determine theutput powerof the radio when it the device was strapped around the patient's chest, simglat

is on. Further, the ability to vary the {;?E?smlssmn POWET Sontinuous monitoring of heartbeat and ECG. The experisnent
avaliable on most platforms (the SensitfBupportss levels, a6 conducted indoors in an office space containing 8 cubi-

ranging from—23dBm to —7dBm output, while the CC2420 (o5 The hase-station was placed at an elevation on one side

radio in the MicaZ motes provides2 levels ranging from ¢ ihe room to provide better line-of-sight coverage.
—25dBm to 0 dBm output).

. . transmit level | output power| power draw

In our earlier work [14] we had proposed dynamic power (dBm) (mW)
control as a means of improving the energy performance 7 -6 2.8
of body area sensor devices, and validated our proposed S v ot
algorithms using MicaZ motes. In this work we experiment 4 10 25
with the Toumaz Sensium platform and establish the effi- 3 -12 24
cacy of dynamic power control for truly-wearable devices f :}g gg
which are specifically designed for health monitoring. The 0 22 18
SensiumMoperates in the)00MHz frequency spectrum (as TABLE |
opposed to2.4GHz for the Micaz motes), and has a lowerouTPuT POWER SETTING AND TYPICAL BATTERY POWER DRAW FOR THE
number of output power levelss (as opoosed t@2 in the Toumaz SensIuMT™RADIO

MicaZ motes). Our focus is therefore on assessing the impactl.he SensiufMsupportss RF output power levels which

?f power conftrro_l in tra_dlng off Ir_el!abgn)é of the wwiztl_esmllil tcan be controlled at runtime, and can provide an RSSI value
or energy €efliciency in a reaistic body-worn Setting. OE/arying between0 and 7, 0 being the lowest) for each

that the variable ngture of W|reles.slllnks in sensor netaor ansaction. The output power (in dBm) and corresponding
has been recorded in several empirical studies [16], [1H], a

: . . . energy consumption rate (in mW) for theselevels are
the idea of dynamically adapting transmit power ha_s begﬂown in table I. To profile the wireless channel, we send
explored before [7.]' [3], [12]. However, these earlle_r $esd ackets from the body-worn device to the base statior2at
have targeted static deployments (such as for environe

or structural monitoring applications) wherein variailin lisecond intervals. Each packet is sent at a succegsivel

irel u lIJ K I'It Ing tF’p' . II w d II varl II higher power level, reverting to levelafter all 8 levels have
wireless fink quality over ime 1S lower and SIoWer. In CoNpean transmitted. This effectively allows us to sample the
trast, our work considers wearable mobile devices where t

. . ; S _ ffannel at allg power levels every second. At each power
wireless link quality can change significantly and rapidhce level, the average RSSI at the base station is recorded; this
it is very susceptible to position and orientation of the lamm ’ :

bod allows us to map the transmitted power level to the received
ody. RSSI, across time (when a packet is lost, we record the RSSI

Ouir first contribution is to profile the wireless channel g;sin]cor that packet as-1). While we would like to ideally take

the SensiurfiMplatform by emulating patient activity. We showSimultaneous measurements at &llpower levels, using a
that the wireless channel can exhibit large variations miigy  SMall inter-packet spacing allows more-or-less simultase
depending on the patient activity and orientation relativthe mea_surement. We simulate three types of patient behaviour,
base station, thus making fixed transmit power sub-optimgl‘?ta'led below.

setting a low transmit level results in excessive lossesnwha. Fast Walk

the link quality is poor, while setting a high transmit level This scenario has the patient walking back and forth in the

wastes energy when the channel is good. Next we assessrgb(?,n for a few minutes at a reasonably active pace; the gatien

pot_entlal savings afforded by power control, by_ eva_luatm&ays betweem and5 meters from the base-station at all times.
offline, the optimal power to be used at each time insta

he body device, strapped on to the patient’s chest, is aadum

S0 as to_expend minimum energy Wh'.le mamtam.lng reha_lbl% generate a packet every second (simulating a heartl@@at/E
communication. Though infeasible to implement in pract'c?nonitor) and transmits it at al output levels

;ﬂ;sgvaglﬁélfzoﬂltms;: dusnedrsgsstaansd:%g;éﬂ?ngfﬁgugfﬁe reFigure 2 plots the RSSI recorded at the base station for
'P i : p%ower levelsO, 4 and 7 as a function of time (for ease of
practical schemes. Finally, we adapt our previously predos

power control scheme to the Sensitifplatform, and quantify visibility we only plot th? first200 seconds). Note _that for
. T . any power level, the brisk movements of the patient result
the energy savings and reliability figures achieved by our

In strong fluctuations in the RSSI, with the RSSI routinely
power control scheme. We show that the proposed scheme . .
. . . ; uctuating by2 — 3 levels in a matter of seconds. Note also
achieves energy savings varying betwedff, and32% with

. 2 L i certain trends with respect to time; as the orientation ef th
an acceptable decrease in reliability, highlighting thiecaty : :
. patient changes (as the patient walks towards and away from
of dynamic power control.
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7. Note that in this case the wireless link remains stable
for extended periods, changing occasionally to reflect the
patient's orientation. Power control could potentiallyvba
major benefits in this scenario; at the same time, a fixed power
scheme would once again be wasteful, since it would have to
cater to the worst case channel scenario.

Having gained a better understanding of the wireless chan-
nel under various patient activity scenarios, we quamnteht
assess the potential performance impact of adaptive tiansm
power control in the next section.

* - Level 0
6| —° Level 4
X —+— Level 7

RSSI

IIl. OPTIMAL TRANSMIT POWER

We quantify the potential benefits of adaptive transmit
power control by computing what the “optimal” transmission
level might be for each of the three scenarios considered
before. We define the “optimal” as the lowest required trahsm

the base station), the channel quality shows a correspgndifWer level (as a function of time) to achieve a RSSI value

0
Time (seconds)

Fig. 3. Slow walk: RSSI vs. time

increase or decrease. greater thar0. Further, we treat an RSSI d@f as a packet
loss; while this is conservative, it ensures that the ofdtima
B. Slow Walk scheme tries to keep the RSSI away from the lowest possible

This scenario considers a slowly moving person, such as!gMel- Since we know the RSSI level corresponding to each
elderly or handicapped person with restricted mobility,owhtransmit power level, the optimal simply picks the lowest
walk slowly (one step every six seconds) towards and awBgwer level which has an RSSI aboeThough this scheme
from a base station (simulating movement around a room, i§rnot achievable in practice, it provides an upper bound on
to a toilet). The RSSI recorded at power leve)st and7 are Potential savings.
plotted in figure 3 (once again, we plot the fi26) seconds of ~ We plot the chosen transmit level, as well as the received
the trace). Note that the variation in RSSI is much less rapRfSSI for the optimal scheme in figure 5 (for ease of com-
as compared to the fast walk scenario. The channel qual§grison the results of our practical power control schenee ar
shows definite trends as the patient moves towards and awgperimposed on this plot and will be discussed in the next
from the base station, and maintains its value when thengati€ection). When the patient mobility is high and the channel
is stationary. Again, it is clear that a fixed transmit powe$ varying rapidly the optimal scheme must vary the transmit
would perform sub-optimally, wasting power when the channgower frequently to maintain an RSSI bfas seen in subplots
is good and causing packet losses when the channel is b&d.and (). Using the energy consumption values in table I)
Clearly, the RSSI for lower power levels is below that fowe compute the energy consumption of the offline optimal
higher levels, as we would expect. scheme. Comparing with the maximum power scheme (where
every packet is transmitted at power levgthe offline optimal
results in an energy savings 29%. Note however, that the

In this scenario the patient sits down to rest on a chaihannel varies rapidly in this case, and a practical scheme
a few feet away from the base-station. Figure 4 plots tijehich would have to predict future channel quality based
RSSI over the firs200 seconds at transmit levels 4 and on past samples) may not be able to track the variations

C. Resting
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accurately. We evaluate the performance of a practicalnsehe 1) R — (1= O‘)E +al .
in the following section. 2) if R < Ty, increase the transmit power & levels
In contrast the channel variations during slow walk are  (capped af) _
significantly more gradual, as seen in figure 3. The channel®) if 2> Tx reduce the transmit power hylevel (capped
shows variations depending on the patient’s orientatiaciiy ‘_"‘t 0) _ o )
towards or away from the base station) as well as the distancé) if 7o < R < Ty no action is required
to the base; note the gradual increase in channel quality fréig- 6. Practical Power Control Scheme
30 to 65 seconds, followed by a gradual decrease figinto
80 seconds). However the channel quality remains good mostWWe choosel;, = 1 andTy = 2; thus our scheme attempts
of the time (with power leveD returning an RSSI valué to keep the RSSI at level or above (since RSSI levdl is
for significant periods). As a result the optimal scheme cahe lowest receivable RSSI, our scheme attempts to keep the
maintain a transmit level of for significant periods as seenRSSI above this level to increase reliability). As in theecaé
in figures 5(c) and 5(d), occasionally increasing the power the offline optimal, we consider a packet lost if it is recéive
account for variations (e.g. @t seconds power levél is not at an RSSI of) or lower.
received, and power leval is chosen to maintain acceptable We evaluate the efficacy of our practical scheme on the
RSSI). The optimal save34% power compared with maxi- three scenarios outlined before. At each time instant the
mum power; further, this scenario affords a practical saham algorithm makes a decision on the transmit power based on
better chance of achieving savings, since past channetyjuathe weighted average. This transmit power is then used éor th
is a better indication of future channel behaviour. next transaction. From our trace data we know the received
Finally when the patient is resting, the link is very stabl®SSI for every power level at every time instant, allowing us
and the optimal scheme can almost always use power (eveto implement the power control scheme. The energy usage and
The scheme has energy savings36f% as compared with reliability of our scheme is summarized in table II, whileth
maximum power. The stability of the channel in this casgansmit power and corresponding RSSI are plotted in figure
affords a practical scheme ample opportunity to conserge
energy without sacrificing reliability. In the following ston For the fast walk scenario the transmit power varies appre-
we discuss such a scheme and evaluate its performance. ciably to track the channel variations. Note that our pcadti
IV. PRACTICAL TRANSMIT POWER CONTROL SCHEME  scheme is slower to react to a poor channel than the offline
The optimal scheme described above was performed offstimal; this is due to the inherent delay in the feedbaclloo
line and is infeasible to realise in practice since it regsir As a result, the practical scheme is liable to lose some pscke
the sender to hava priori knowledge of the link quality as seen in RSSI plot in figure 5(b). Further, after experignci
at the receiver. On the other hand, practical on-line powarbad channel, the practical scheme is also correspondingly
control schemes rely on channel quality feedback from tiséower in reducing power compared to the optimal. This is
receiver to adjust the transmit power. There is thus an ariter due to the effect of thresholds; as long as the weighted geera
delay between sampling the channel and adjusting the tiansramains betweefi;, and T, the scheme maintains the same
power, which limits the performance of practical schemas. power level. This is reflected in the RSSI; the practical aohe
our earlier work [14] we had proposed practical power cdntronaintains RSSI at a higher level than the optimal (in essence
schemes for body area devices. In this section we analyze aisthg more energy). In spite of this, our practical scherwesa
evaluate the performance of the “aggressive” scheme in th&% energy as compared to maximum power (usihg more
three scenarios under consideration. energy than the optimal). The price we pay is a decrease in
Our scheme was inspired by the TCP congestion contreliability; the practical scheme results iv% packet loss.
mechanism, wherein the receiver maintains a running aeerakhis again illustrates the energy vs. reliability tradeoferent
of the RSSI values. Using a weighted average immunizes tinepractical schemes.
scheme against rogue samples. We use exponential averaginthe practical scheme performs better for slow walk, saving
to update the running average; thus for every new RSSI samp# energy compared to maximum power, and uses o3
R the running averag® is updated as? « (1 —a)R +aR. more energy than the optimal. The packet loss is also corre-
Here o is a weighting factor which decides how heavily thepondingly smaller at1%. Once again the scheme exhibits
current RSSI sample is weighted. We use- 0.8 to make the the same inherent characteristics; there is a delay ininggict
scheme reactive to the current sample, (and hence the naread channel (due to the feedback nature of the scheme), and
“aggressive” for this scheme). The scheme attempts to kdepnaintains a higher power level than the optimal for some
the running average between threshdlds (lower) andTy time in a good channel (due to our specific choicé gf and
(upper). We adapt our original scheme to account for&he77). For example, in the rangE39 to 149 seconds the RSSI
power levels on the Sensidi(as compared t®2 for the at the receivers remains betweEn and T ; thus the scheme
MicaZ motes); thus when the running average falls below tmeaintains transmit power at levél(while the optimal level is
lower thresholdl', we increase the transmit power Pyevels, 0). Note however that this behaviour guards against a rogue
while if it rises above the upper threshdld; we reduce the sample in a predominantly bad channel, which may otherwise
transmit power byl level. As long as the running averagecause packet loss.
remains betweefl; and Ty no action is taken. We outline The practical scheme performs even better in the resting
the algorithm in figure 6. scenario, saving3% energy compared to the maximum, and



Max (fixed) Optimal Aggressive
Scenario Energy per Packet Energy per Packet Energy per Packet
Packet (mW)| Loss %) | Packet (mW)| Loss (o) | Packet (mW)| Loss (%)
Fast walk 2.8 0.67 1.99 0.67 2.41 16.96
better than “max” by: — 29% 14%
worse than “optimal” by: 40.95% — 21.20%
Slow Walk 2.8 2.90 1.85 2.90 2.09 10.99
better than “max” by: - 33.99% 25.40%
worse than “optimal” by: 51.5% — 13.01%
Resting 2.8 1.26 1.84 1.26 1.88 5.37
better than “max” by: - 34.46% 32.79%
worse than “optimal” by: 52.57% — 2.55%
TABLE Il

SUMMARY OF ENERGY AND LOSS PERFORMANCE FOR VARIOUS POWER CORDL STRATEGIES

is within 2.5% of the optimal. Reliability is also highest amongand showed that energy savingdf; are possible on average
the three scenarios, with a packet loss56t. In this case without undue loss of reliability. We show that even with
the wireless channel remains relatively stable for sigaiftc the reduced number of power levels and different operating
periods, leading to large energy savings with respect to tfrequency of the SensiuiM(as compared with MicaZ motes),
maximum. power control remains as effective in saving energy. Singe o
power control algorithm is easy to implement, these savings
. . - ) are easily achievable. While our current work focused on
This yvork establishes the feasibility O_f dynamic powegoniinyous long-term patient monitoring, in future we ptan
control in a truly-wearable body area device. We have usEﬂde the efficacy of power control in more dynamic settings

A. Discussion

the three scenarios as a guideline to measure the perfoenaglfch as athlete monitoring

of power control under different operating conditions. &lg,
the performance of our scheme would depend heavily on the
specific patient characteristics and operating conditiGios

long term monitoring, we make the assumption (as in ouf!!
previous work) that the patient spends an equal amount of
time in the three scenarios. This results in an average powet
savings 0f24% as compared to maximum power. Note thatﬁ
our algorithm is simple to implement at the base station, an
these energy savings are therefore easy to achieve. Fgcusin
again on body-worn disposable “digital plasters”, our sche [l
could result in almos25% increase in the life of these devices,
a handy increase.

At the same time our work allows us to bound the potenti
improvements possible using power control in body-wor
devices. Note that the maximum savings achieved by the
optimal scheme ar84% (compared to maximum power). 8]
Comparing this with innovations such as the ultra low power
radio developed at Toumaz (which uses an order of magnitude
less energy than the CC2420 radio in MicaZ motes) we see thit
dynamic power control, would be secondary to other energy
saving techniques, but can be used in conjunction with otheo]
techniques to improve energy efficiency. (11]

While we restricted our study so far to three illustrative
scenarios, much further work is required in exploring the p@L2]
tential of dynamic power control for specific health moriitgr
environments (e.g. critical care in hospitals, aged cdtdete
monitoring, etc.) which have different characteristicsgerms
of patient mobility, periodicity and criticality of colléed data,
etc.

(6]
7]

(23]

[14]
V. CONCLUSIONS ANDFUTURE WORK

In this work we build upon our earlier results on powelt]
control in body-worn devices. We profile wireless channel in
a body-worn healthcare monitoring system using the Toumggz]
SensiumM, and assess the theoretical potential for saving
energy without compromising reliability. Next we adapted o
practical power control algorithm for use on the Sensitim
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