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Abstract—Operational lifetime of Wireless Sensor Network
(WSN) nodes is crucial in a variety of monitoring applications.
As the radio chip is usually the most power-hungry component
in small, low—cost WSN devices, battery lifetime can be extended
by reducing the duty—cycle of the radio module. In fact, the
wireless chip could be switched on just to run the tasks of the
considered application, while it could be kept in sleep mode for
all the rest of time. Of course, this approach is viable only
if the monitoring tasks are scheduled periodically and if the
devices are synchronized, namely if they have a common notion of
time. Indeed, if nodes were unsynchronized, some of them might
wake up when others are still sleeping and some connections
could not be established. Since inter-node time synchronization
can be maintained within known uncertainty boundaries only
by repeatedly adjusting local clocks, synchronization activities
can be also scheduled periodically. In this respect, this paper
describes an analytical criterion to establish the value of the
synchronization period minimizing the average power dissipated
by a WSN node. The proposed analysis is validated by means of
both simulation and experimental results.

I. INTRODUCTION

As known, battery lifetime represents a major limitation
for the deployment of wireless sensor networks (WSNs),
especially in outdoor applications [1]. In fact, replacing the
depleted batteries of WSN nodes may be excessively expensive
or impractical if a WSN consists of large number of devices or
if the nodes are difficult to reach. Also, disposable batteries are
very polluting and harmful for the environment. In last years,
two kinds of complementary strategies have been adopted
to tackle this problem, i.e. energy scavenging and power
management strategies. The former techniques harvest the
energy from the environment, e.g. by means of photovoltaic
cells [2], vibration or motion—driven micro—electromechanical
devices [3], thermoelectric converters [4], or particular Radio
Frequency (RF) receivers [5]. Power management techniques
instead rely on hardware and/or software solutions that tem-
porarily disable those components which are unused or un-
derused. In particular, since the radio section is generally the
most power-hungry component of a WSN node, reducing the
duty cycle of the wireless module as well as the amount of
transferred data is essential to prolong battery lifetime. For
example, the amount of dissipated power could be greatly
decreased through energy—efficient routing schemes [6], or
data aggregation techniques [7].

Of course, energy scavenging and power management solu-
tions can be also combined together. For instance, the adaptive
duty cycle algorithm described in [8] can utilize up to 58%
more ambient energy compared to systems which do not
rely on harvesting—aware power management. In applications
requiring just periodic monitoring services, major power sav-
ings could be obtained if the WSN nodes were perfectly
synchronized. In this case, all nodes could remain mostly
in sleep mode and they could wake up only for the time
that is strictly necessary to run the scheduled monitoring
tasks. Unfortunately, the time values measured by different
nodes tend to drift away from one another due to the limited
frequency stability of the local oscillators. As a consequence,
the time offsets of various nodes can be kept within given
tolerance boundaries only by running repeatedly some syn-
chronization procedure, such as those described in [9], [10] or
[11]. Obviously, frequently repeated synchronizations lead to
better timing accuracy. Accordingly, the probability that some
nodes are still sleeping while others are already running their
own instance of the monitoring task is small. However, the
energy dissipation due to frequent synchronization activities
may be considerably large. On the other hand, if synchroniza-
tion events are rare, the related activities are not particularly
expensive in terms of energy. Nevertheless, the time intervals
in which nodes are active must be longer than expected in
order to allocate the worst—case time differences between node
timers. Of course, this extension of the radio module activity
in turn increases the amount of power consumption.

Starting from this standpoint, in Section II, after a formal
description of the problem mentioned above, the expression
of the synchronization period minimizing the average power
dissipated by a WSN node is derived analytically. In Section
Il some simulations validating the proposed analysis are
shown. Finally, in Section IV some experimental results based
on the synchronization protocol described in [11] are reported.

II. PROBLEM FORMULATION AND MODEL DESCRIPTION

Let us consider a WSN consisting of [V identical nodes that
are mostly kept in sleep mode and wake up occasionally just
to run two independent tasks, i.e.:

o One monitoring task of duration d,, and period T,,, >>
dm;
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Fig. 1. Qualitative power consumption patterns during the execution of monitoring and synchronization tasks on various nodes of a WSN.

e One synchronization task of duration ds; and period
Ts >> d,, which is able to keep node time offsets in
the range [_gmax; 5ma:c]-

Of course %—m + ;— < 1, because the overall utilization of a
single node must be strictly lower than 100%. Also, switching
from sleep mode to active state takes some time d,,,, during
which the amount of current drawn by the device may be quite
large [12], as shown in Fig. 1. Consider that in the proposed
model both d,, and d include not only the time required to
run the activities of a single node of the network, but also the
time spent in waiting possible messages and packets coming
from other nodes. Moreover, even if the actual duration of each
task may change randomly as a function of time (e.g., due to
variable traffic conditions), we will assume that both d,,, and
ds correspond to the respective maximum (i.e., worst—case)
values. In fact, this choice does not alter the basic reasoning
underlying the proposed model and it is quite realistic because
all nodes usually may be programmed to wait data for a preset
time—out value.

In general, a major difference exists between the timing
behavior of monitoring and synchronization tasks. The moni-
toring task can be usually regarded as composed by unrelated
activities. This means that a node collects, processes and
sends its data to other WSN devices as soon as data are
ready, independently of what other devices are doing. In this
respect, some lack of synchronization is beneficial to avoid
channel contention and packet collisions whenever a Carrier
Sense Multiple Access with Collision Avoidance (CSMA/CA)
protocol is used. However, given that the uncertainty asso-

ciated with the chosen synchronization procedure lies in the
interval [—&maz, Emaz), in the worst—case the execution of an
instance of the monitoring task on the node with the slowest
clock rate may begin 2¢,,,, seconds after the same instance
running on the device with the fastest clock rate. Since in low—
power mode the radio module of a generic node is disabled, it
could happen that the data collected by the “fastest” node are
sent to the “slowest” one when it is still sleeping. Similarly,
the “slowest” device might attempt to transfer data to the
“fastest” node after this one has already entered into sleep
mode. This situation is clearly shown in the leftmost part of
Fig. 1. Therefore, in order to avoid connection problems, the
time interval during which the radio chip must be active should
not just coincide with d,,, but it should be rather expanded by
2¢,mae both before and after the execution of each instance of
the monitoring task. This means that the overall duration of
the time interval in which a generic node is ready both to run
its own monitoring task and to receive data is d,, +4€mqz-

The scenario is quite different in the case of the synchro-
nization task. In fact, any synchronization protocol relies on
a set of coordinated activities which are usually triggered
by the node starting the whole procedure. In the following,
for the sake of simplicity, this node will be referred to as
synchronization master (SM). When the SM broadcasts a
synchronization packet, all nodes receiving this packet start
executing the synchronization algorithm approximately at the
same time. Although the time of execution of the synchroniza-
tion procedure may differ slightly from node to node (e.g., due
to possible differences among the activities performed by the



various nodes) we can assume that the instances of the same
synchronization task are simultaneous. Of course, a necessary
condition to synchronize WSN nodes properly is that when the
SM starts the procedure, the other devices must be already
active. Therefore, for the same reasons explained above, all
nodes should switch on 2¢,,,, seconds before the scheduled
synchronization time. However, in this case prolonging the
node activity by 2,4, after the end of the synchronization
procedure is unnecessary. Indeed, all activities roughly fin-
ish simultaneously and the residual time offsets immediately
after synchronization can be assumed to be negligible. As a
consequence, the duration of the interval during which the
SM is active is exactly dg+ 2¢,4,- This situation is shown
in the central part of Fig. 1. Observe that the duration of the
“active” interval of any WSN node different from SM is ds+e,
where e represents the delay between the time when the node
i # SM switches on and the moment when the synchro-
nization procedure actually begins. In general, € is a random
variable because it depends on the time offset between the
node ¢ and the SM. If the synchronization procedure is started
by the “fastest” device, then € € [0,2e,,44]. Conversely, if
the synchronization procedure is triggered by the ‘“slowest”
node, then € € [2¢,,42, 4€maz]- In all other cases, (i.e. when
the elected SM is any node with intermediate clock speed)
the values of € lie in [A, A+2¢,,42|, where A represents the
offset between the time of the SM and the time measured by
the node clocked by the “slowest” oscillator. Of course, the
distribution of € depends on the probability density function
of the timing errors as well as on the policy chosen to elect the
SM. If we assume that the time offsets of the various nodes
are uniformly distributed in the range [—&maz, Emaz) and that
all nodes have the same probability of becoming the SM, it
can be shown that E[e] = 2,45, Where E[-] is the operator
returning the expected value of its argument. Given that we
are mostly interested in analyzing the average power dissipated
by a generic node in different conditions regardless of its role
in the network, in the following the duration of the ‘“active”
interval associated with the synchronization task will be set
equal to the corresponding mean value, i.e. ds + 2€ 44

Starting from all the considerations explained above, if we
refer to:

e po as the average power consumption in sleep mode;

e Don as the average power spent to switch on the radio
module;

e D, as the average power dissipated for running the mon-
itoring task and for exchanging data with other devices;

e p, as the average power consumed when a node is ready
to receive messages from other devices;

e D, as the average power associated with the execution of
an instance of the synchronization task;

the overall average power dissipated by a WSN node over a
time interval 7" equal to the least common multiple (LCM) of
periods T,,, and T results by definition from:

P=P, +P,+Py (1)

where:

P — dmPm + 4€mazpr + donPon
" T,

)

is the average power contribution due to the monitoring task,

dsps + 2€mazPr + donPon

P, = 7

3)

is the average power contribution due to the periodic synchro-
nization task,

Y don + dm + 467774(11} don + dS + 267774(11}
Po=po(1 - - 4
0 Po< T, T. ) )

is the average power consumption when the node is in sleep
mode. Notice that in (1) the effect of overlapping tasks is
neglected. This is due to two reasons. First, the overlapping
probability is generally quite small. Indeed, if the monitoring
and synchronization tasks are assumed to be independent,
the overlapping probability is simply equal to %—:%—, and
this quantity is usually much smaller than 1 if d,, << T;,
and ds; << Ts. Second, even when two instances of the
monitoring and synchronization tasks overlap, we have just
a small decrease in energy dissipation. Such a difference is
due to the fact that the radio module switches on only once,
rather than twice. Nonetheless, the time to run both task is still
roughly equal to d,,, +d, regardless of the adopted scheduling
policy. Thus, the energy saving is just donDon + 2€mazPrs
which is negligible compared to the energy dissipated to run
both tasks.

Expression (1) is significant because it can be used to
estimate the synchronization period minimizing the average
power dissipated by a WSN node. In fact, it is known that
the limited frequency stability of local oscillators is the main
uncertainty contribution affecting synchronization uncertainty
in WSNs [13]. Moreover, the law describing how the time
values measured by different nodes drift away from one
another is approximately a linear function of time. Thus, if
|Vmaz| is the absolute value of the relative frequency offset
of the least accurate local oscillator, the maximum time error
just before performing a new synchronization is approximately
€maz &2 |Vmaz| + Ts. Usually, the value of vy, for low—cost
crystal oscillators lies within =100 ppm. Thus, by replacing
the expression of €,,4, into (1), it follows that the derivative
of (1) with respect to T is equal to zero for

T+ — \/Tm[ds(ps —po) + don(Por — P0)] 5)

s 4|Vmaﬁc|(pr - po)

which returns the optimal synchronization period. In conclu-
sion, if the basic parameters of (1) are known, (5) provides an
interesting criterion for energy—aware synchronization. Note
that if |v,q.| tends to O (e.g., because the clock frequency
skews are partially compensated by the adopted synchroniza-
tion algorithm), 7% grows towards infinity. This is reasonable,
because if |Vpmqz| is small, running frequently repeated syn-
chronizations is unnecessary.
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Fig. 2. Average dissipated power as a function of the synchronization interval ~ Fig. 3.  Average dissipated power as a function of the synchronization

T for different periods of the monitoring task (i.e., T,, =0.5,0.8,1,1.5,2
s). The solid lines result from (1), whereas dashed lines are obtained through
simulations. In all cases the value of the worst—case frequency offset is
Vmaz = 100 ppm.

III. SIMULATION RESULTS

In order to better understand the operative implications of
(5), in this Section the results of some Matlab™ simulations are
reported. The application developed for simulation purposes
is able to generate a power waveform in accordance with the
model described in Section II. All task scheduling operations
(including early wake—up and late switch—off times) rely on a
simulated digital timer running nominally at 32768 Hz. As a
consequence, the output waveforms can be generated with 1—
tick resolution. In order to make simulations closer to reality,
the model of the local clock offers the possibility to adjust
both its systematic relative frequency offset and the amount of
random jitter. Accordingly, several simulations were repeated
with different values of Ty, T;, and v,,,, during variable
observation intervals comprising multiple instances of both
monitoring and synchronization tasks. The common values
of the parameters used in all simulations are the following:
don, = 100 ps, dy, = 92 ms, ds = 130 ms, p,, = 57.4
mW, p, = p,, = 56 mW, pg = 2.8 mW, p; = 53 mW.
Such values are in reasonable accordance with the execution
times and the power consumption contributions of WSN nodes
working in different conditions. In Figs. 2 and 3 the power
consumption values resulting from simulations (dashed lines)
are compared with the corresponding theoretical curves (solid
lines) obtained from (1). In particular, in Fig. 2 the average
power curves are plotted as a function of Ty after setting
Vmaz = 100 ppm and for five different values of T}, (i.e.,
T, = 0.5,0.8,1,1.5,2 seconds). Dually, in Fig. 3 similar
curves are plotted for a fixed 7, value (ie., T,, = 0.5
s), while changing vVy,4, (i.., Vinaes = 40,80,60,100 ppm).
Observe that, even if the simulations include the possibility of
having overlapping tasks, the difference between each pair of
simulated and theoretical curves is negligible. In the first set
of simulations, the optimal synchronization period T ranges
from 12.4 s when T, = 0.5 s to 24.8 s when T, = 2 s.

interval T for different worst—case relative frequency offsets (i.e., Vmaz =
40, 80, 60, 100 ppm). The solid lines result from (1), whereas the dashed lines
are obtained through simulations. In all cases the period of the monitoring
task is T, = 0.5 s.

Indeed, it doubles when T, increases by 4 times, as expected.
In the second set of simulations 77 grows from 12.4 s for
Vmaz = 100 ppm up to 19.6 s for vy, = 40 ppm. The
results shown in Figs. 2 and 3 confirm that in general the
optimal power consumption is quite sensitive to Vp,qz. If Vipas
becomes very small, synchronizations are rare and the total
power consumption is mostly due the monitoring task, as it
should be in the ideal case. Notice also that if the parameters of
(5) are affected by some significant uncertainty it is preferable
to overestimate 7,, because the amount of dissipated power
tends to increase much more smoothly for Ty > T7.

IV. EXPERIMENTAL RESULTS

The theoretical analysis described in Section II was vali-
dated experimentally using a small WSN consisting of five
Crossbow TelosB nodes. Each device was programmed to run
two concurrent applications, i.e. a simple humidity monitoring
task and the synchronization procedure described in [11],
suitably modified to switch off the radio chip when the node
is supposed to be idle. A further device connected to a PC was
used to collect some significant data from all WSN nodes (e.g.,
the synchronization intervals). The synchronization algorithm
reported in [11] is adaptive. This means that the time interval
between two subsequent synchronizations changes at run—
time depending on the wanted target accuracy. In particular,
for a given value of €,,4,, the synchronization interval is
expanded [i.e., multiplied by (1 + a), with a > 0] if the
estimated probability of having in—tolerance nodes is larger
than a preset threshold (). Conversely, the interval between
two synchronizations is shortened [i.e., multiplied by (1 —b),
with 0 < b < 1] when the percentage of nodes with in—
tolerance clocks is smaller than ). As a consequence, the
synchronization interval values tend to exhibit a lognormal
distribution [11]. The mean of this distribution can be regarded
as an estimator of the synchronization period T, for which



PC

—
—

gsniffer
hub
; multimeters

%
-

e

/

battery box

Fig. 4. Experimental setup. Five Xbow TelosB nodes are programmed to
run both a periodic humidity monitoring task and the synchronization protocol
described in [11]. The applied voltage and current drain of a generic node are
measured simultaneously by means of two DMMs Agilent 34411A which are
connected to a PC collecting both measurement results and sensor information
by means of a further node (i.e. a sniffer).

the probability of having nodes with time offsets in the range
[—Emazxs Emaz| Oscillates around Q.

Starting from these considerations, the experimental activ-
ities were carried out in two phases. In the first one, after
setting €4, =1 ms, @ =100 %, a=0.02 and b=0.33, the
synchronization procedure was repeatedly executed for several
minutes in order to collect a significant amount of interval val-
ues. Accordingly, the mean of the lognormal distribution was
computed and the maximum relative frequency offset v,,,4, Of
the considered set of nodes was estimated from &4,/ Tsq-
In the case considered v,,4, is smaller than expected, i.e. 22
ppm.

In the second phase, at first the adaptive behavior of the
synchronization algorithm was disabled by setting a =b=0.
In this way, the synchronization intervals remain constantly
equal to the initial value. Then, all nodes were programmed
to collect a humidity sample every 7;, = 0.6 s and to run the
synchronization procedure for different periods in the range
[1,120] s. The voltage supply of a single WSN node as well as
its current drain were measured using two digital multimeters
(DMMs) Agilent 34411A (one used as a voltmeter and the
other as an amperometer) connected to the PC, as shown
in Fig. 4. The integration time of both DMMs was set to
100 power line cycles (i.e., 2 s) in order to exploit the best
instrument resolution and to maximize normal mode noise
rejection. The duration of each experiment was about 1077
seconds. Since the battery voltage is approximately constant,
each average power consumption value can be estimated as the
product of the average current drain and the average supply

60 20 40 60 80 100 120
T, [s]
s
Fig. 5. Average power consumption as a function of the synchronization

interval T's for vmae = 22 ppm (namely the estimated maximum relative
frequency skew in the considered WSN). In the picture, the solid line refers
to the measurement values collected using the setup shown in Fig. 4, the
dashed line results from (1), and the bubble points correspond to simulations.
The optimal synchronization period is T35 = 29.5 s.

voltage, i.e. P = IV. All measurement results are plotted in
Fig. 5 (solid line). Notice that the shape of the curve is in
good agreement with the simulation results shown in Fig. 2,
although the values are smaller. The standard uncertainty
associated with P was calculated using a procedure similar
to that described in [14], i.e.:

u(P) = \/ Pu(V) + V2u2(D) ©)

where u?(V') and u?(I) are the combined standard uncer-
tainties related to current and voltage measurements, respec-
tively. Both u?(V) and u?(I) include random and systematic
contributions, as stated in [14]. The former ones can be
estimated using the typical type A evaluation procedure and
are particularly significant in the case of short measurement
times (e.g., for small value of T§). Conversely, the systematic
contributions are independent of measurement duration and
can be estimated from instrument specifications by following
a type B evaluation procedure [15]. In our experiments, the
maximum standard uncertainty value resulting from (6) is
0.3 mW, which is adequate because it is about one order of
magnitude smaller than the measured values.

In order to perform a final check about the correctness of the
proposed model we also compared the collected measurement
results with the theoretical curve given by (5) and with the
corresponding simulations. The values of the parameters in (1)
were estimated with the help of a digital oscilloscope Agilent
DSO7032A. In particular, such values are d,,, ~2.5 ms, d,, ~
76 ms, ds =126 mS, Py, = 7.5 mW, p,. = p,, =52 mW, pg~2.8
puW and ps~53 mW. Both the theoretical curve (dotted line)
and the simulation results (bubble points) shown in Fig. 5 are
in perfect accordance with the experiments, thus confirming
the validity of the model.



V. CONCLUSION

When a WSN is used in periodic monitoring applications
characterized by a small duty cycle, a quite obvious strategy
for saving power is to switch off the radio module of all
nodes during idle time intervals. However, this approach may
cause major connection problems if nodes are not properly
synchronized. Indeed, some nodes might try to communicate
when others are still sleeping. In this work we proved that the
overall average power dissipated by a node running a periodic
monitoring task and a periodic synchronization procedure,
can be suitably minimized while meeting the timing accuracy
requirements needed for reliable inter-node communications.
An in—depth analysis of the problem mentioned above has
led to the definition of a simple analytical expression [i.e.,
equation (5)] returning the value of the optimal synchro-
nization period. Several simulation and experimental results
confirm the correctness of the proposed model. Even if (5)
depends on several parameters which are strictly related to the
chosen hardware platform, most of them are approximately
constant and can be measured quite easily or derived from
the specifications of the WSN nodes. A critical parameter
that somehow limits the practical applicability of (5) is the
maximum relative frequency offset v,,,,. In fact, not only
(5) is quite sensitive to V4., but the frequency skew may
differ considerably from node to node. Furthermore, it may
also change in time due to variable operating conditions
(e.g., temperature fluctuations). In order to address this issue,
next—generation synchronization algorithms should be able to
estimate the value of v,,,, at run—time and to adjust the
duration of the optimal synchronization period accordingly.
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