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For an increasing number of people living with chronic medical conditions, wearable wire-
less sensor devices can provide non-intrusive yet continuous physiological monitoring al-
lowing effective clinical management without compromising quality of life. Truly non-
intrusive sensor devices will have light weight and small form factor, placing fundamen-
tal constraints on the available energy, which necessitates very careful energy management
at all layers. This chapter investigates the opportunities and challenges in the use of dy-
namic radio transmit power control for prolonging the lifetime of such energy constrained
body-wearable sensor devices.

We first present extensive empirical evidence that the wireless link quality can change
rapidly in body area networks, and a fixed transmit power results in either wasted energy
(when the link is good) or low reliability (when the link is bad). We quantify the potential
gains of dynamic power control in body-worn devices by benchmarking off-line the energy
savings achievable for a given level of reliability. We then propose a class of schemes feasi-
ble for practical implementation that adapt transmit power in real-time based on feedback
information from the receiver. We profile their performance against the off-line benchmark,
and provide guidelines on how the parameters can be tuned to achieve the desired trade-off
between energy savings and reliability within the chosen operating environment. Finally,
we implement and profile our scheme on a MicaZ mote based platform, and also report pre-
liminary results from the ultra-low-power integrated healthcare monitoring platform we are
developing at Toumaz Technology. Our work sets the stage for a holistic approach to power
management, incorporating innovations across all layers of body area network design.

1.1. Introduction

Lifestyle changes combined with an aging population and poor diet are contribut-
ing to an ever-increasing number of people living with chronic medical conditions
requiring ongoing clinical management. This has resulted in a heavy burden on
healthcare systems that are primarily geared towards treating acute conditions.
Wireless sensor network technologies have the potential to offer large-scale and
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Figure 1.1. Toumaz Sensium'™Digital Plaster

cost-effective solutions to this problem. Outfitting patients with tiny, wearable,
vital-signs sensors would allow continuous monitoring by caregivers in hospi-
tals and aged-care facilities, and long-term monitoring by individuals in their own
homes.

To successfully deploy body area networks that can perform long-term and
continuous healthcare monitoring, it is critical that the wearable devices be small
and lightweight, lest they be too intrusive on patient lifestyle. This places fun-
damental limitations on the battery energy available to the device over its life-
time. Typical prototype devices in use today, such as MicaZ motes [1] used in
Harvard’s CodeBlue [2] project, operate on a pair of AA batteries that provide a
few Watt-hours (a few tens of kilo-Joules) of energy. Truly wearable health moni-
toring devices are emerging that have orders of magnitude lower battery capacity
— at Toumaz Technology we are building a new generation of single-chip low-cost
disposable “digital plasters” (shown in Fig. 1.1.) that provide non-intrusive ultra-
low power monitoring of ECG, temperature, blood glucose and oxygen levels. Our
Sensium™chip operates on a flexible paper-thin printed battery [3] with a capac-
ity of around 20 mWatt-hours (approximately 70 Joules). Such stringent energy
constraints necessitate very careful energy management.

Communication is the most energy consuming operation that a sensor node
performs [4], and can be optimised at multiple layers of the communication stack.
At the physical layer, we at Toumaz have innovated an ultra-low-power radio [5]
suited to body-area networks: our radio provides a proprietary 50 kbps wireless
link over a distance of 2-10 metres, and consumes 2.7 mW at a transmit strength of
—7 dBm (compare this to the CC2420 radio [6] in MicaZ motes that consumes 22.5
mW for —7 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. Several such
MAC protocols have been developed in the literature (see [7] for a survey). The B-
MAC [8] protocol included in the TinyOS distribution provides versatility to the
application in controlling the duty-cycling of the radio, while at Toumaz we have
developed our proprietary MAC protocol [9] suited to body area networks. How-
ever, these MAC protocols only control when the radio is switched on, they do not
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determine the output power of the radio when it is on. The focus of this work is
to study the impact of transmission power (for any given transmission schedule)
in trading off reliability of the time-varying wireless link for energy efficiency at
the transmitting node. We note that the ability to control the transmission power
is available on most platforms: the CC2420 radio in Crosshow’s MicaZ motes pro-
vides 32 transmission levels (ranging from —25dBm to 0dBm output) selectable at
run-time by configuring a register, while our Sensium™platform similarly sup-
ports 8 levels (ranging from —23dBm to —7dBm output).

First, we present extensive empirical trace data that profiles the temporal fluc-
tuations in the body area wireless channel. The large variations show fixed transmit
power to be sub-optimal: when link quality is poor, low transmit levels result in
reduced reliability, whereas when link quality is good, high transmit levels waste
energy. Furthermore, the rapid variations render existing schemes (discussed in
detail in §1.2), that adapt transmit power over long time scales (hours and days),
inappropriate for use in body area networks. Using trace data we compute off-line
the “optimal” power control scheme, i.e. one that minimises energy usage sub-
ject to a given lower bound on reliability. Though infeasible to realise in practise,
the optimal gives insight into the potential benefits and fundamental limitations
of adaptive power control in body area networks, and also provides a benchmark
against which practical schemes can be compared.

Second, we develop a class of practical on-line schemes that dynamically adapt
transmission power based on receiver feedback. These schemes are easy to imple-
ment, and can be tuned for desired trade-off between energy savings and commu-
nication reliability. We show conservative, balanced, and aggressive adaptations of
our scheme that progressively achieve higher energy savings (14-30%) in exchange
for higher packet losses (up to 10%). We also provide guidelines on identifying al-
gorithm parameter settings appropriate to application requirements and operating
conditions.

Third, we present a real-time implementation of our power control scheme on
a MicaZ mote based platform, demonstrating that energy savings are achievable
even with imperfect feedback information. We also present preliminary observa-
tions of the efficacy of our scheme in the ultra-low power platform for continuous
healthcare monitoring being developed at Toumaz Technology. Our work shows
adaptive transmit power control as a low-cost way of extending the battery-life of
severely energy constrained body wearable devices, and opens the doors to further
optimisations customised for specific deployment scenarios.

The rest of this chapter is organised as follows: §1.2 briefly discusses prior work
in the area of adaptive power control. §1.3 presents empirical observations on
channel variability in body area networks and motivates dynamic power control.
Optimal off-line power control is explored in §1.4, while practical on-line schemes
are proposed and analysed in §1.5. §1.6 describes our implementation and exper-
iments on the MicaZ mote and Toumaz Sensium™platforms, while conclusions
and directions for future work are presented in §1.7.
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1.2. Related Work

Transmit power control has been studied extensively in the literature in several
contexts with different objectives. A large number of works e.g. [10-15] consider
the IEEE 802.11 environment for wireless ad-hoc networks, and propose adjusting
transmit power or transmit rate for data packets based on several factors such as
wireless channel conditions (probed via RTS/CTS messages), payload length, etc.
In spite of the useful insights from these works, there are significant differences
between the IEEE 802.11 WLAN environment and a body-area network (BAN) for
healthcare monitoring such as: (a) WLAN devices send sporadic data while BAN
devices typically send data periodically, (b) packet sizes are much smaller in BANs
than in WLANS, and (c) BAN devices operate on or very near the human body
which makes radio propagation (and hence channel conditions) in BANs markedly
different from WLANSs. These important differences merit study of power control
in the specific context of body area networks, which to the best of our knowledge
has not been undertaken to-date.

A large body of work in power control has also targeted multi-hop networks
with the objective of enhancing throughput [16], increasing connectivity [17, 18]
or reliability [19], and reducing delays [20]. Joint routing, scheduling, and power
control schemes have also been proposed [21, 22]. Our work considers a single-
hop body area network where such issues do not arise. Moreover, the environment
presented by a body area network is much more dynamic than the psuedo-static
scenarios considered by these works.

More relevant to this work are existing power control schemes that target en-
ergy savings in wireless sensor networks. The study in [23] proposes two algo-
rithms that adapt transmission power by exchange of information among nodes
and based on signal attenuation, while [24] proposes a linear prediction model for
estimating the optimal transmission power based on measured link quality. How-
ever, these studies have targeted static deployments (such as for environmental or
structural monitoring applications) wherein variability in wireless link quality has
been shown empirically [25, 26] to be slow. In contrast, this work considers wear-
able mobile devices for which the wireless link quality can change significantly
and rapidly since it is very susceptible to position and orientation of the human
body [27]. To the best of our knowledge adaptive power control for body-wearable
devices has not been explored by other researchers before.

Two recent papers make interesting observations that are complementary to
our work: the authors in [28] investigate the number of different power levels
which can be effectively leveraged by power control algorithms in an indoor wire-
less LAN environment. They show that, due to multipath and fading effects, there
is significant overlap between the RSSI distributions for nearby power levels, mak-
ing them practically indistinguishable at the receiver, and claim that as few as 4
power levels may suffice to make power control attractive. We leverage this fact
when we shift from the MicaZ (32 power levels) to the Sensium™(8 power levels).
Lastly, the study in [29] points out that power control by itself does not lead to
significant energy savings unless complemented by a good MAC protocol that has
low duty-cycling of the radio. We concur with this observation and note that the
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Figure 1.2. Comparison of RSSI and LQI as indicators of channel quality in a body area
network.

MAC protocol used in the Sensium™platform has very low duty cycle.

1.3. The Case for Transmit Power Control in Body Area Networks

We begin by empirically profiling the temporal variations in the quality of the wire-
less link between a body-worn device and a fixed base-station, as a patient wearing
the device performs various activities. The patient was played by the first author.
Our experiments in this section use the MicaZ motes from Crossbow Technolo-
gies [1], while some preliminary results that use the Toumaz Sensium"™platform
are presented in §1.6. In each experiment the device was strapped around the
patient’s chest, simulating continuous monitoring of heartbeat and ECG. We also
conducted several experiments in which the device was strapped around the pa-
tient’s arm (for monitoring blood pH and glucose); the results were qualitatively
similar and are omitted here due to lack of space. The experiments were conducted
indoors in an office space containing 10 cubicles. The base-station was placed close
to one side of the room at an elevation (atop a shelf) to provide better line-of-sight
coverage across the office space.

The MicaZ mote operates in the 2.4 GHz frequency band, and can support a
250 Kbps data rate. It supports 32 RF output power levels, controllable at run-time
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Table 1.1. Characteristics of the MicaZ
CC2420 radio

transmit level  output (dBm)  power (mW)

31 0 31.3
27 -1 29.7
23 -3 27.4
19 -5 25.0
15 -7 22.5
11 -10 20.2

7 -15 17.9

3 -25 153

via a register; the output power (in dBm) and corresponding energy consumption
rate (in mW) for various levels are shown in table 1.1. Since our goal is to save
energy at the body-worn device (which typically has lower energy resources than
the base-station), our experiments involve emitting packets periodically from the
body-worn device at various power levels, and measuring the link quality at the
receiver (base-station). Two metrics of link quality are available on the mote plat-
form: received signal strength indicator (RSSI), which is computed internally in
the radio by averaging the signal power over eight symbol periods of the incom-
ing packet, and link quality indicator (LQI) metric which measures the chip error
rate for the first eight symbols of the incoming packet. For a static scenario, previ-
ous research [24, 30, 31] has observed LQI readings to suffer from early saturation
and be relatively less stable. We conducted experiments to verify this in a body
area network scenario. Fig. 1.2. (a)-(b) show the RSSI and LQI as a function of
transmit power level for various scenarios of patient distance and orientation rel-
ative to the base-station. While the RSSI seems to show a smooth increase with
transmit power, the LQI saturates early on for several scenarios, and also seems
to exhibit a large variance (shown as error-bars) which makes the readings less re-
liable. Fig. 1.2. (c)-(d) show the RSSI and LQI as a function of the packet receive
ratio (PRR) observed across several experiments. While the RSSI seems to provide
a good estimate of packet loss rates (e.g. RSSI of —90 dBm or larger always cor-
responds to PRR of 95% or more), the LQI is seen to be a much weaker indicator
of PRR due to its high variance. Our subsequent study therefore uses RSSI as an
indicator of channel quality.

We profile, at different radio transmit levels, the changes in link quality with
time as patients perform their routine activities involving resting, moving, turn-
ing, etc. To compare link quality at different power levels, we should ideally take
simultaneous measurements at all power levels, which is infeasible. As an approx-
imation, we make the body-worn device transmit every packet multiple times in
quick succession at sixteen different transmit levels 31, 29, 27, ...1. The receiver
(base-station) can thus record, more-or-less simultaneously, the signal strength cor-
responding to each transmit level. Measurements for three scenarios are described
next.
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Figure 1.3. RSSI vs. time for various patient scenarios.

1.3.1. Normal Walk

This scenario has the patient walking back and forth in the room for a few min-
utes at a normal walking pace; the patient stays between 1 and 8 metres from the
base-station at all times. The body device, strapped on to the patient’s chest, gen-
erates a packet every second (which is not entirely unrealistic for a heartbeat/ECG
monitor) and transmits it at 16 different output levels. The RSSI is recorded at
the base-station for each packet at each transmit level, and plotted in Fig. 1.3.(a)
against time for four of the transmit levels. For any fixed transmit power, the re-
ceived signal strength fluctuates widely: at fixed maximum transmit output (level
31 at 0dBm), the signal strength at the receiver changes from —64dBm (at 34 sec)
to —94dBm (at 86 sec): a change of 30dBm under a minute. There are nevertheless
some discernible trends: for example, in the interval 30-50 sec, the receive signal
is consistently above —72dBm (at the maximum transmit level) due to the clear
line-of-sight presented by the patient walking towards the base-station, while the
subsequent interval 50-70 sec exhibits RSSI below —75dBm (again at the maxi-
mum transmit level) due to the patient turning and blocking the line-of-sight with
his body. The question of whether these patterns present opportunities for energy
savings by adapting transmit power will be tackled in §1.4.

adaptivePwr
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1.3.2. Slow Walk

In this scenario we consider a slowly moving person (such as an elderly or hand-
icapped person with restricted mobility) who takes an exaggeratedly long time
(over six minutes) to walk a distance of three metres and back. As before, pack-
ets are transmitted every second at several power levels, and the received signal
strength at the base-station is recorded and depicted in Fig. 1.3.(b). The trend in the
plotis very evident: the RSSI is fairly low for the first half, when the patient’s body
blocks the line-of-sight between the body-worn device and the base-station, and
then rises to a perceptibly higher value in the second part of the experiment when
the patient is walking facing the base-station (barring the last few seconds when
the patient turns again). This scenario depicts the shortcomings of fixed transmit
power: a low transmit level would result in weak signals (and packet loss) during
the first half, while a high transmit level would unnecessarily waste energy in the
latter half. Such a scenario therefore presents opportunities for saving energy by
reducing transmit power adaptively when the good channel persists.

1.3.3. Resting

In this scenario the patient sits down to rest for approximately 20 minutes on a
chair at a distance of about 6 metres from the base-station. Fig. 1.3.(c) plots the
RSSI over the entire period, at several transmit levels. The wireless link is found
to be fairly stable when the patient is at rest (in spite of a few other people mov-
ing around at several points in the experiment). This is in some sense an “ideal”
environment with tremendous potential for energy savings, particularly with pa-
tients who are resting for a major part of the day. These energy savings would be
unattainable if the transmit level were fixed, since a fixed setting would have to
cater to the worst-case scenario of a poor channel.

Having gained an understanding of the wireless channel under various pa-
tient activity scenarios, the next section quantifies the potential benefits of adaptive
transmit power control.

1.4. Optimal Off-Line Transmit Power Control

To quantify the potential benefits of adaptive transmit power control, we compute
what the “optimal” transmission level might be for each of the scenarios consid-
ered before. We define the “optimal” as the lowest required transmit power level
(as a function of time) to achieve a minimum target RSSI. Based on our studies in
§1.3 relating packet loss with RSSI for the MicaZ motes in a body area network
setting, we choose a conservative target RSSI of —85 dBm. The computation of
the optimal transmission level defined thus is done off-line, i.e. using the traces
shown in the previous section. For each scenario, at each time instant, we know
the RSSI for each transmit power level, and we can therefore identify the lowest
transmit power at which the signal strength at the receiver is no lower than the
threshold of —85dBm (if all received signal strengths are below the lower thresh-
old we set the transmit level to be the maximum). We note that such a scheme
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Figure 1.4. Optimal transmit power and associated RSSI for a normal walk, slow walk,

and resting position

is not implementable in practise, since it would require the transmitter to have
instantaneous knowledge of the RSSI at the receiver for each choice of transmit

power level, which is infeasible given that the channel varies with time.

The optimal transmit levels, and their associated RSSI values, for each of the

three scenarios, are depicted as a function of time in Fig. 1.4.. Sub-plot (a) shows,

for the normal walk scenario, that the optimal changes rapidly to track the rapid
fluctuations in channel quality, thereby maintaining a fairly stable RSSI as shown

adaptivePwr
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in sub-plot (b): for example, in the time interval 50-75 sec, the optimal transmit
level fluctuates multiple times between a high of 29 and a low of 9. Based on the
energy draw for each transmit power level (shown in Table 1.1), we can compute
the energy savings of optimal power control to be around 34% as compared to
using the maximum transmit power. However, as the rapid fluctuations in the op-
timal level indicates, a practical scheme is unlikely to be able to predict the current
optimal transmit level based on prior channel quality.

The optimal transmit power for a slow walk in Fig. 1.4.(c) shows high sensi-
tivity to body orientation, even when the motion is very slow. The rapid changes
during the first 200 sec arise from minor variations in the patient’s body orienta-
tion while blocking the line-of-sight between the body-worn device and the base-
station (indeed a few packets are lost even at the highest transmit power). But
when the patient turns (at approximately 200 sec), there is a clear line of sight,
and the wireless link is relatively stable permitting the optimal transmit power
to remain low for a considerable length of time (more than 2 minutes). This in-
dicates that if the body orientation is favourable, periods of slow activity could
be capitalised by a transmit control scheme to save energy without compromising
realiability.

When the patient is resting, the link is fairly stable and the optimal transmit
power level is near-constant as shown in Fig. 1.4.(e), which permits an energy sav-
ings of over 38% compared to maximum transmit power. It would seem the quies-
cent wireless channel in this case gives ample opportunity for practical schemes to
reduce transmit power without sacrificing reliability. The design of such schemes
is discussed next.

1.5. Practical On-Line Transmit Power Control

The optimal transmit power control scheme above was performed off-line and re-
quired the sender to have a priori knowledge of the link quality at the receiver,
which is infeasible in reality. This section develops practical algorithms that are
then benchmarked against the optimal.

A predictive approach to designing on-line schemes for power control would re-
quire a wireless channel model for body area networks. Modeling the propagation
of electromagnetic waves around the human body, e.g. via “creeping waves” [32],
is fairly complex as it needs to account for the permittivity and conductivity of
the different layers of bone and tissue in the human anatomy. Additionally, the
model has to contend with changes in orientation of the human body, mobility of
the patient, and other spatio-temporal aspects (such as room layout, people in the
vicinity, etc.). We believe such predictive models are too complex to implement on
energy-constrained wearable devices, and do not pursue them in our work.

We focus instead on reactive schemes that adjust transmit power based on feed-
back from the receiver (inspired by the way TCP adjusts its transmission rate in
reaction to congestion in the Internet). Specifically, the base station measures the
RSSI for each received packet and feeds it back to the body-worn device in the
acknowledgment packet. In this section we assume that the feedback information
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Algorithm 1.1 A Class of Power Control Schemes
Require: R {RSSI from the current sample}
Require: R {Average RSSI}
1 if R < Rthen )
R« agR+ (1—ag)R
. else {R > R}

2
3

4 Re—ayR+(1—-ay)R

5. end if

6 if R < T, then

7. Double the transmit power

8 elseif R > Ty then

9:  Reduce the transmit power by a constant
10: else {T_. <R < Ty}

11:  No action is required

12: end if

is perfect (i.e. acknowledgment packets are never lost); this assumption will be
relaxed in §1.6.1.

1.5.1. A Simple and Flexible Class of Schemes

At its core, any reactive power control scheme must ramp up transmit power
when the channel quality deteriorates (so as to avoid packet loss), and decrease
transmit power when the channel quality improves (in order to save energy). We
propose a general class of schemes that allow these operations to be tuned via
appropriate parameter settings.

Algorithm 1.1 depicts our class of schemes, and is characterised by four param-
eters: ay, ag, T @and Ty. The scheme maintains a running average R of the RSSI,
computed by exponential weighted averaging (steps 2 and 4) of each newly ob-
tained sample. The averaging weight «, for a sample representing an improving
channel can in general be different from the weight a4 used for a sample represent-
ing a deteriorating channel; this gives flexibility to a scheme in reacting differently
to a perceived increase or decrease in channel quality, thereby placing different
emphasis on energy savings versus packet loss.

The scheme increases or reduces transmit power by comparing the running
RSSI average R to lower and upper thresholds T, and Ty. Based on our previous
analysis of RSSI and packet loss (see Fig. 1.2.(c)), we believe a lower threshold
T_ = —85 dbm is appropriate for the MicaZ platform. If R falls below this thresh-
old (step 6), the transmit power is immediately doubled (Step 7) to avoid imminent
packet loss in the deteriorating channel. If, on the other hand, the average RSSI ex-
ceeds an upper threshold Ty (step 8), the transmit power is reduced by a small
amount (step 9). Our experimental traces indicate that Ty, = —80 dBm is appro-
priate for the MicaZ platform; lower values make the target RSSI range [T, Ty] too
narrow while larger values lead to higher transmit power (and hence higher en-
ergy usage) than required. Readers may note the similarity of our scheme to TCP




May 28, 2010 10:59 PSP Review Volume - 9.75in x 6.5in adaptivePwr

12 | Power Management in BANs

in that the transmit power increase is multiplicative while the decrease is additive,
and thus has a clear bias towards reacting faster to a deteriorating channel than an
improving one.

The class of schemes outlined in algorithm 1.1 is fairly easy to implement in
platforms with very limited CPU and memory resources. It is also very flexible,
and the parameters «y and ag4 can in particular be tuned for appropriate trade-
off between energy efficiency and reliability. The performance of the schemes for
specific parameter settings is discussed next.

1.5.2. Example Adaptations of the General Scheme

A conservative approach to energy savings might be warranted in applications
where data loss is critical. A relatively high value a4y = 0.8 could be used so that a
low RSSI value triggers a rapid ramp-up in transmit power, while keeping ay = 0.2
low so that transmit power is reduced cautiously when good channel conditions
prevail. Applications in which energy is at a high premium and data loss is not as
critical may adopt an aggressive strategy with a high «, = 0.8 that reacts quickly to
improvements in channel conditions while setting oy = 0.2 so that a transient bad
channel is ignored. A balanced approach that equally values energy savings and
packet loss may place equal emphasis on whether the channel is getting better or
worse by setting oy = aq = a = 0.8.

Table 1.2. Power draw averaged across packets, and loss
rate, for various power control schemes

Normal Walk Slow Walk Resting
Scheme power loss power loss power loss
(mw) (%) (mwW) (%) (mW) (%)

Maximum 31.32 0 31.32 1.2 31.32 0

Optimal 20.60 0 20.74 1.2 22.35 0
Conservative 26.90 14 25.52 218 2436 0.08
Balanced 25.15 3.85 24.11 3.85 2422 0.16

Aggressive 21.78 9.6 21.96 728 2374 032

We tested the efficacy of the conservative, aggressive and balanced schemes as
described above on the trace data for the three scenarios described earlier. The
transmitter is assumed to know the RSSI for each transmitted packet via feed-
back from the receiver; it performs the exponential averaging using the param-
eters listed for each scheme, and chooses an appropriate transmit power level for
the subsequent packet transmission. Fig. 1.5. shows the transmit power level and
the corresponding RSSI for each of the three schemes for each scenario. The aver-
age power draw per packet, as well as packet loss rates, for each of the schemes
under the different scenarios, are summarised in Table 1.2.

For the normal walk, Fig. 1.5.(a) shows that all schemes exhibit considerable
fluctuation in their transmit power, since the channel varies quite rapidly. The con-
servative scheme yields good link reliability (only 1.4% loss) but has high energy
usage (30.58% above optimal), while the aggressive scheme yields good energy
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Figure 1.5. Transmit power and RSSI under conservative, balanced, and aggressive
schemes for various scenarios.

savings (5.73% within optimal) by sacrificing link quality (9.6% packet loss). As
one might expect, the energy usage and packet loss under the balanced scheme are
between those of the conservative and aggressive.

For the slow walk scenario, Fig. 1.5.(c) shows the aggressive scheme to be fairly
stable in the interval 210-350 sec when the patient is walking slowly facing the
base station, whereas the conservative scheme shows some fluctuations in that
region. Again, the conservative scheme uses 16.21% more energy than the aggres-

adaptivePwr
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sive scheme, but has a packet loss rate much lower than the aggressive scheme,
showing that energy and reliability can be traded-off in our schemes by choosing
parameters appropriately. As before the balanced scheme lies between the other
two in both its metrics.

The transmit level under the three schemes for the resting scenario, shown in
Fig. 1.5.(e), is fairly stable, barring some rogue glitches in the link quality (e.g. at
905 sec) that the conservative scheme over-reacts to. The energy savings, as well
as the packet loss ratios, are comparable under all three schemes, indicating that
under quiescent channel conditions the parameter settings do not influence the
algorithm performance significantly.

Packet Loss (%)

Packet Loss (%)

(d) Fixed ay: Packet Loss vs. ag

Packet Loss (%)

(e) ay = ag = a: Energy Consumption vs. « (f) ay = &g = a: Packet Loss vs. a

Figure 1.6. Energy Consumption and Packet Loss for Various Parameter Settings
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1.5.3. Tuning the Parameters

In this section we undertake a more detailed study of the impact of the algorithm
parameters «y and ay on the performance of our class of schemes. We conducted
several experiments in which the patient is fairly active, since the parameters have
a larger impact on energy and loss under such scenarios. Fig. 1.6. plots the energy
consumption (left column) and packet loss (right column) of our scheme for vari-
ous parameters settings for a representative scenario. Fig. 1.6.(a)-(b) show that for
any fixed ay, the energy consumption falls monotonically with ay: this is because
a larger ay, makes the scheme react faster to an improving channel, thereby reduc-
ing transmit power to save energy. When gy is held constant and a4 increases,
the scheme react more quickly to a degrading channel, and the packet loss rate
diminishes (Fig. 1.6.(d)) at the expense of increased energy consumption (Fig.
1.6.(c)). The plots show clearly that increasing « pulls the algorithm in the di-
rection favouring energy savings, while increasing ay4 pulls it towards reliability —
these opposite trends justifying our decision to devise a scheme with two separate
« values. For a balanced scheme that uses oy, = a4 = «, Fig. 1.6. (e)-(f) show that
a scheme that is very reactive to both good and bad channel conditions (i.e. high
«) improves loss performance as expected, but incurs a penalty in terms of slightly
increased energy usage.

An interesting question concerns the optimisation of the parameters for a
given operating scenario. For the trace considered in this section, we found that
(ay = 1.0, a4 = 0.3) yields maximum energy savings when the loss budget is high
at 15%, implying that the ramp down in transmit power should be immediate
while a ramp up happens slowly over several poor RSSI samples. When the loss
margin is stringent at 5%, energy savings are maximised for (ay, = 0.8,a4 = 1.0),
i.e. the scheme should react immediately to a degrading channel, and relatively
slowly to an improving channel. Though the optimal settings obtained here do
not transfer directly to other scenarios, they provide insight which could conveiv-
ably be used by a system to adjust the parameters at run-time based on application
requirements and operating conditions.

1.6. Prototyping and Experimentation

This section reports on a real-time implementation of our power control schemes
on a MicaZ mote-based testbed, as well as preliminary experiments on the Toumaz
Sensium™platform.

1.6.1. MicaZ Mote Platform

The previous section evaluated the performance of the transmit power control
schemes using trace data wherein the sender (body-worn device) is assumed to
know the RSSI at the receiver (base-station) for each of the packets it has thus far
transmitted. In a real operational setting, such feedback information would be
contained in acknowledgement packets (from the receiver to the sender) which
may also experience loss. This section undertakes a real-time implementation of




May 28, 2010 10:59 PSP Review Volume - 9.75in x 6.5in adaptivePwr

16 | Power Management in BANs

T T
RSS! for Balanced Scheme Implementation —+—

T T T
Tx-Level for Balanced Scheme Implementation ——

Transmit Power Level
RSSI
&
8

o 100 200 300 400 500
Time (seconds)

o
B
8

500

(a) Transmit level (b) RSSI

Figure 1.7. Transmit power and associated RSSI for real-time implementation of Balanced
scheme on the MicaZ platform

our scheme on body-worn MicaZ motes to evaluate the efficacy of our power con-
trol scheme under imperfect feedback. We note that the base-station is assumed
to have abundant energy reserves and does not implement power control, always
using the highest power level for transmitting acknowledgements.

The implementation performs exactly the steps shown in algorithm 1.1, with
the additional step that if an acknowledgement is not received for a transmitted
packet, the RSSI for that sample is taken to be —100 dBm (thereby signaling a
bad channel to the algorithm). We present results with balanced parameter setting
ay = ag = a = 0.8 for a scenario where the patient undertakes a mix of walk-
ing and resting. Fig. 1.7.(a) shows the transmit power level under our scheme
and Fig. 1.7.(b) the corresponding RSSI. Our scheme performs quite well, yielding
average energy consumption rate per packet of 20.23 mW (a 35.4% savings in en-
ergy compared to using maximum transmit power), and packet loss rate of 3.8%.
Unfortunately there is no way to benchmark this result (recall that computing the
optimal requires a trace that includes the RSSI for all power levels at all times), but
a careful look at the plots will show regions where the RSSI is high and yet the
transmit power is not reduced, for example in the interval (410,420) sec. It was
found that several acknowledgement packets were lost in this interval (the over-
all acknowledgement loss rate for this scenario was 11.82%), and the absence of
feedback information forced our scheme to use a higher transmit power level than
would have been necessary with perfect feedback. High acknowledgement loss
rates arising from asymmetric link qualities can have a negative impact on the ef-
ficacy of feedback-based power control schemes, and merit deeper study in future
work.

1.6.2. Toumaz Sensium™Platform

A major goal of this project is to evaluate the costs and benefits of adaptive power
control in the real-world continuous health monitoring platform being developed
by Toumaz Technology. Unfortunately the digital plaster (which includes the
Sensium™chip, printed battery, etched antenna, and water-protective covering)
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Figure 1.9. Optimal transmit power and associated RSSI for the Sensium™

is still in the packaging process; so we present here preliminary results obtained
from using a Sensium™chip mounted on a development board strapped to the
patient’s chest, as preliminary indicators on the feasibility and benefits of adaptive
transmit power control in the Sensium™platform.

Table 1.3.  Sensium™Radio transmit and receive character-
istics . :
(b) Receive Characteris-
(a) Transmit Characteristics tics

Tx level output (dBm) power (mW)Rx level input (dBm)

7 -6 2.8 7 > —35

6 -7 2.7 6 —46to —35
5 -9 2.6 5 —52to —46
4 -10 2.5 4 —58to —52
3 -12 2.4 3 —64to —58
2 -15 2.2 2 —70to —64
1 -18 2.0 1 —76to —70
0 -22 1.8 0 < —76
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The hardware-optimised design of the Sensium ™ presented several constraints
in our experimentation: (i) the radio has only 8 transmit power levels (unlike 32 in
the MicaZ radio), and the energy savings are upper-bounded at 35% due to the lim-
ited transmission power range (see Table 1.3(a)), (ii) the RSSI readout is only 3 bits
(compared to 8 bits in the MicaZ), which gives only a coarse estimate of the RSSI
(see Table 1.3(b)), (iii) a sleep time of at least one second is imposed between succes-
sive packet transmissions (for energy efficiency), which restricts our ability to sam-
ple the channel at various transmit power levels without substantial change in pa-
tient position/orientation, (iv) the RSSI feedback from receiver to sender requires
software modification of the acknowledgement packets which introduces a one
second lag in the feedback. These limitations not withstanding, we believe there
is great value in experimenting with this real-world wearable device, and these
limitations can be addressed in subsequent revisions of the Sensium™hardware.

As with the motes, we strap the Sensium™!to the patient’s chest, and make it
transmit a packet every second, cycling through the the 8 available power levels,
while the RSSI is recorded at the base-station. A ten-minute extract of the recorded
RSSI at various transmit power levels is shown in Fig. 1.8.: in this scenario, the
patient is walking back-and-forth in interval 30-80 sec, during which period the
RSSI fluctuates rapidly, while in interval 280-380 sec and 420-470 sec the patient
is stationary (facing away and towards the base-station respectively) and the RSSI
is stable. This confirms that the body area wireless channel presents significant
temporal fluctuations in the 862-870 MHz frequency range (much like the 2.4 GHz
range of the MicaZ radio), and fixed transmit power is sub-optimal.

For the above trace, we compute off-line the optimal transmission power sched-
ule for desired RSSI level of 3 (corresponding to the range —64 to —58 dBm). Fig.
1.9. shows the optimal transmit power level (at the sender) and the corresponding
RSSI level (at the receiver), and clearly depicts that the transmit power level can be
reduced during quiescent periods such as 420-470 sec, while preserving reliability
during periods when channel conditions are poor. For this scenario, optimal trans-
mit power control uses 14.63% less energy than fixed maximum transmit power,
which is a significant saving for this severely energy-constrained device. Further
results from our testing on the Sensium™ platform are reported in our subsequent
work [33].

1.7. Conclusions and Future Work

This chapter outlines the potential benefits and limitations of adaptive radio trans-
mit power control as a means of saving precious energy in body-wearable sen-
sor devices used for medical monitoring. We experimentally profiled the radio
channel quality under different scenarios of patient activity, and showed that fixed
transmit power either wastes energy or sacrifices reliability. We then quantified
the theoretical benefits of adaptive transmit power control, and showed that across
different scenarios it can save nearly 35% energy without compromising reliabil-
ity. We then developed a general class of practical power control schemes suitable
for body area networks, and showed specific instances that save 14-30% energy
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(as compared to using maximum transmit power) in exchange for 1-10% packet
losses. We demonstrated that the adjustment of parameters allow our schemes to
achieve different trade-offs between energy savings and reliability, making them
suitable across diverse applications in different operating conditions. Finally, we
demonstrated that a real-time implementation of our scheme on the MicaZ mote
based platform is effective even in the presence of imperfect feedback informa-
tion, and presented preliminary experimental results indicating the potential for
saving precious energy in Toumaz’s real-world platform for continuous healthcare
monitoring.

Our work on dynamic power control in body-area networks, summarised in
this chapter from our publications [33-35], can be extended in several ways. There
is much further study required in exploring its potential for specific health moni-
toring environments (e.g. critical care in hospitals, aged care, athlete monitoring,
etc.) which have different characteristics in terms of patient mobility, periodicity,
and criticality of collected data. There is also scope for more extensive experimen-
tation with truly wearable health monitoring devices used by real patients.
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