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ABSTRACT

This paper addresses the design of distributed transmission
protoco] for lifetime maximization in wireless sensor net-
works (WSNs). A dynamic protocol for lifetime maximiza-
tion (DPLM) is proposed. This protocol exploits both the
channel state information (CSI) and the residual energy in-
formation (REI) at each individual sensor. The principle
of DPLM resernbles the retirement planning strategy: be
more opportunistic by prieritizing sensors with better chan-
nels for transmission when the network is young and more
conservative by favoring sensors with more residual energy
when the network is old. The asymptotic optimality of DPLM
in terms of utilizing CSI is established analytically. The per-
formance of DPLM is evaluated via simulations.

1. INTRODUCTION

In wireless sensor networks (WSNs), one of the critical op-
erations is the information retrigval process in which sensor
measurements are collected by access points (APs) to be
used by the end user. Under the architecture of SEnsor Net-
work with Mobile Access (SENMA) [1], the mobile APs
initiate the data collection process by broadcasting beacon
signals to activate sensors. Activated sensors then transmit,
according to a transmission protocol, their data to the APs
through a common wireless channel (see Fig. 1).

One of the challenging research topics on WSNs is to
design energy-efficient information retrieval protocols. As
shown in [2, 3], energy-efficient design can be formulated
as an unconstrained or a constrained optimization problem.
In the former, the design objective is 10 maximize the num-
ber of transmitted information bits per Joule under an im-
plicit assumption that each sensor has an infinite amount
of energy. The key to the unconstrained energy efficiency
is the use of the channel state information (CSI). Specifi-
cally, transmission protocols should give higher priorities to
sensors with better channels; sensors with poor channel re-
alizations should save their energy, wait for their chances,
and act when opportunities arise. This opportunistic strat-
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Fig, I: Sensor network with mobile access point.

egy is first proposed by Knopp and Humblet [4] and later
studied in [5-9].

On the other hand, the constrained formulation of en-
ergy efficiency aims at maximizing the network lifetime un-
der the assumption that each sensor is powered by a non-
rechargeable battery with a finite amount of energy. Many
researchers have realized that lifetime maximizing schemes
should exploit the residual energy information (REI) of each
sensor. Various sensor placement schemes, routing atid trans-
mission protocols [10-12] that utilizes REI have been pro-
posed.

[13] is perhaps the first work to reveal that both CSI
and REI are key parameters for lifetime maximization in
wireless networks with fading. Since the sensor with the
best channel may not be the sensor with the most residual
energy, lifetime maximizing protocols rely on an optimal
tradeoff between CSI and REI [13]. A distributed transmis-
sion protocol that exploits both CSI and REI is proposed
in [13]. Referred to as the max-min approach, the protocol
proposed in [13] maximizes the minimum residual energy
in each data coilection. As a consequence, the probability
that the network dies is minimized in each data collection.

The max-min protocol proposed in [13] is static with re-
spect to the network age: the weight of CST over REI (and
vice versa) remains the same over the span of the network



lifetime. The lack of adaptation to the network age lim-
its the performance of the max-min protocol. In this paper,
we propose a dynamic protocol for lifetime maximization
(DPLM) that trades off CSI and REI according to the age of
the network. The principle of DPLM resembles the retire-
ment planning strategy: be more opportunistic by pricritiz-
ing sensors with better channels for transmission when the
network is young and more conservative by favoring sen-
sors with more residual energy when the network is old.
As a consequence of the dynamic nature of this protocol,
DPLM is asymptotically optimal in terms of utilizing CSI
as demonstrated by our analysis. Simulation results show
that DPLM provides significant performance gain in terms
of lifetime.

2. SYSTEM MODEL

2.1. Network and Radio Model

Consider a sensor network with N nodes deployed for mon-
itoring certain phenomenon. In each data collection, M
samples from these /V sensors are retrieved by a mobile AP
where M is determined by the underlying application and
the QoS requirement. Due to node redundancy, we gener-
ally have Ml <« N. Realizing that sensors experience dif-
ferent channel fading and have different residual energy, we
seek the answer to the following question: which M sensors
should be chosen to transmit their measurements so that the
network lifetime is maximized. In order to gain insights and
simplify the presentation, we assume M = 1. The exten-
sion of the proposed protocol to general cases 1s, however,
straightforward.

We assume that sensor measurements are in the form of
equal-sized packets. The channel between the mobile AP
and a sensors follows a block fading model with the block
length equal to the transmission time of one packet. Let s;
denote the {-th sensor in the network where § = 1,..., N.
Let ¢;(!) be the channel gain of s; during the [-th data col-
lection and e; (!} the residual energy of s; at the beginning of
the /-th data collection. For simplicity, we will often write
e; and ¢; instead of e;(!) and ¢;{!) when referring to a arbi-
trary data collection. The energy required for s; to transmit
its packet to the AP during the {-th data collection is given

by

E
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(1
where E, is the energy consumed in the transmitter cir-
cuitry, and E is the required transmission energy to achieve
an acceptable received signal-to-noise ratio (SNR) at the AP
in the absence of (small-scale) channel fading. Generally,
E depends on the path-loss of the channel, and we have as-
sumed that sensors are at approximately the same distance
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to the mobile AP. Clearly, the better the channel gain ¢;(1),
the smaller the required transmission energy B9 (1.

2.2. Lifetime Definition

We assume that each sensor is powered by a non-rechargeable
battery with F initial energy. A sensor is considered dead if
its residual energy drops below the transmitter circuitry en-
ergy consumption E., i.e, it does not have enough energy
for transmission under any channel condition. The lifetime
L of the sensor netwotk is defined as the number of data col-
lections until any sensor in the network dies (the first death)
or no sensor has enough energy for transmission (the first
failure in data collection), whichever occurs first. After the
network dies, the total unused energy £, left in the network
is wasted,

In [14], a general formula for the network lifetime is de-
rived. This lifetime formula holds independently of the life-
time definition, the network architecture and protocol, chan-
nel fading characteristics, and energy consumption model,
Applying this formula to the current neiwork setting, we
obtain the expression for the average network lifetime £ as,

NE, — E[E,]

Ee = 5]

(2)

where E[E,,] is the expected unused energy in the network
when it dies and E[E,| the expected reporting energy con-
sumed by sensor nodes in a randomly chosen data collec-
tion, -

The following notations are adopted in the remaining
paper. Let E = (M), e .. &™) be the ordered resid-
val energy profile of the sensors at the beginning of one
data collection where ) > @ > .. > &™), Define
A(E) = (81,64,...,6n_1) where §; = e — £lit1) ang
NE) = (m, 72, .., n-1) where 7, = €o=elr] as, re-
spectively, the absolute and the relative dispersiveness of
the residual energy profile E. For two equal-length vectors
£ = (z1,T2,...,7n) and § = (Y1, y2,..-,yn), We say
¥ > g if x; > y; forall i. The step function is denoted by
U(z), e, U{z) =1if z > 0 and U(z) = 0 otherwise.

3. THE DYNAMIC PROTOCOL FOR LIFETIME
MAXIMIZATION (DPLM)

3.1. The Protocol

From (2), we can see that reducing E[E,]| and E[E,,] leads
to prolonged network lifetime. To reduce E[E,], the sensor
with the best channel should be scheduled for transmission
in each data collection. To reduce E[E,,], however, the sen-
sor with the most residual energy should be favored in order
to balance energy consumption among sensors. Since chan-
nel realizations are independent of the residual energy, an



optimal tradeoff between CSI and REI needs to be achieved
for lifetime maximization.

Realizing that maintaining small dispersiveness of the
residual energy profile is crucial only toward the end of the
network lifetime, we propose a dynamic transmission pro-
tocol that adaptively trades off CSI and REI according to
the age of the network. Specifically, the proposed protocol
DPLM selects the sepsor which requires the least portion
of its residual energy for the current transmission, i.e., the
sensor 8; is selected in the [-th data coliection if and only if
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That is, the sensor which is able to transmit the most num-
ber of times under the current channel conditions is allowed
to transmit in the current data collection. Cur DPLM can be
readily implemented in a distributed fashion with the aid of
the opportunistic carrier sensing scheme [9, 13] by allowing
each sensor to choose its transmission backoff time accord-
ing to the foltowing local metric
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3.2. The Dynamic Nature and Asymptotic Optimality

Next, we show the dynamic nature of DPLM by comparing
the probability that DPLM selects the sensor with the best
channel or the most residual energy under different network
residual energy profiles E. For simplicity, we assume that
the channe! gains associated with different sensors are iden-
tically and independently distributed

Theorem 1 DPLM adaptively trades off CSI and RET ac-
cording to the relative dispersiveness n(E) of the sensor

residual energy profile. Specifically, as n(E") increases, the
probability of selecting the sensor with the best channel de-
creases while the probability of selecting the sensor with the
most residual energy increases. That is,
n(E1) < n(Ea)
= Pr{ pick ¢VIE}} > Pr{ pick ¢V |Es}:
and Pr{ pick eV |E1} < Pr{ pick e(V|Es}.

(3a)
(3b)

Proof: To prove Theorem 1, we derive the probability
that DPLM picks the sensor with the best channel ¢(!) and
the probability that DPLM picks the sensor with the most
residual energy (V) for a given residual energy profile E as

1
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and

635, M .
Pr{e |E}=j0 H Fe %(1+EC)—E«: (7)

X Xa + (1= Xz)} dFe(x)

where x, = U (mEC - ;(;‘)E—(_ZTT) and F(x) is the cumuia-
tive distribution function (cdf) of the 1.i.d. channel gain. As
the relative difference of the sensor residual energy n{ £') in-
creases, the ratio of any two residual energy 2—:% increases,
where 1 <1 < i < N. Hence, the probability of picking the
best channel ¢(1) decreases as 7( E) increases. Since the cdf
0 € F{z) < 1, the probability of picking the most residual
energy e(1) increases as 1( £) increases.

booo

Since the total amount of energy Ef\; L et left in the
network indicates the network age, the dynamic nature of
DPLM with respect to the network age can be readily seen
from the following corollary.

Corollary 1 For the same absolute dispersiveness A(E) of

the sensor residual energy prafile, DPLM adaprively selects
. . N ()

the sensor according to the rotal residual energy 3, e

in the nerwork, Specifically, Ve > 0,

Pr{ pick ¢V|E} < Pr{ pick ¢V |E + €}
Pr{ pick eV |E} > Pr{ pick eV|E + €}

(8a)
(8b)

Proof: This corollary can be shown by noticing that for
the same absolute dispersiveness of the sensor residual en-
ergy A(E), the relative dispersiveness n{ £) increases as the
total energy 3o | e(®) increases.

ors

This corollary shows that when the network is young,
DPLM is more likely to pick the sensor with the best chan-
nel. When the network becomes older, the probability that
DPLM selects the sensor with the best channel decreases
while the probability that DPLM selects the sensor with the
most residual energy increases.

Recall that the optimal transmission protoco! under the
unconstrained formulation is to allow only the sensor with
the best channel to transmit. Let us call this opportunistic
protocol as the CSI-only protocol and denote its average re-
porting energy consumed in a data collection as £*. Clearly,
E* is a lower bound on the reporting energy consumed in
a data collection. One would expect that a good protocol
under the constrained formulation should approach this op-
timal protocol under the unconstrained formulation when
the constraint on the initial energy becomes less restrictive,
ie, Eg — oo. As demonstrated by Theorem 2, DPLM pos-
sesses this desirable property. It is asymptotically optimal
in terms of utilizing CS1.



Theorem 2 Assume thar realizable channel gains are bounded

below!. We have,

lim E[E,] = E”, ©)

Eg—

where E* is the average reporting energy achieved by en-
- abling the sensor with the best channel for transmission in
each data collection.

A proof of Theorem 2 can be found in [15]. As shown in
the simulation examples in Section 4, the convergence of the
average reporting energy E[E,] in DPLM to the minimum
value E™* is fast. The average reporting energy in DPLM
approaches E* even for small Ey that allows a sensor to
transmit, on the average, only 5 to 10 times {see Fig. 3).

4. SIMULATION EXAMPLES

This section compares the performance of different distributed
transmission protocols [13]. The “arbitrary™ protocol ran-
domly picks a sensor for transmission in each data collec-
tion. The REI-only protocol selects the sensor with the most
residual energy in each data collection. In all the figures, we
normalize the required reporting energy in the absence of
channel fading (F = 1) and assume the (normalized) trans-
miiter circuitry energy consumption is £, = 0,01, We have
also included the energy E,, = 0.001 consumed in channe!
acquisition for protocols utilizing CSI. The channel fading
is assumed to be i.i.d. Rayleigh distributed.
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Fig. 2: Comparison of the average network lifetime of
different transmission protocels with different
number of sensors. Ey = 5.

“This is equivalent to say that the transmission power of sensors is
bounded above.
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Fig. 2 compares the network lifetime E[L] of different
transmission protocols. As the number N of sensors in-
crease, the network lifetime E[£] increases, but the rate at
which E[£] increases diminishes. As expected, the random
protocol performs the worst. The transmissicn protocols ex-
ploiting CSI (such as the CSI-only, Max-Min and DPLM
protocols) outperform those without CSI (such as the ran-
dom and REI-only protocols). DPLM outperforms all the
available schemes and its performance gain increases as N
increases.
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Fig. 3: Comparison of the average transmission energy
consumed in each data collection of different
transmission protocols. £y = 5§, 10.

Fig. 3 compares the average reporting energy E[E,] of
different transmission protocols with CSI. As the number
of sensors increases, the average reporting energy decreases
and so does the rate of decreasing. As the initial energy Ep
increases, the average reporting energy E!E,] of Max-Min
and CSI-only protocols remains almost the same while that
of DPLM decreases. The Max-Min protocol requires more
energy in each data collection than CSI-only and DPLM.
The average reporting energy E|E;| of DPLM approaches
the minimum value E* when the initial energy Fy increases.
We notice that the E[E,] of DPLM is close to the minimum
value E* even when Ey is small: a sensor can only transmit,
on the average, 5 or 10 times until it dies.

Fig. 4 demonstrates the dynamic nature of DPL.M. As
the age of the network (in terms of number of data collec-
tions performed) increases, the probability that DPLM picks
the sensor with the best channel decreases while the prob-
ability of picking the sensor with the most residual energy
increases. That is, DPLM is more opportunistic by favor-
ing the sensor with the best channel for iransmission when
the network is young and more conservative by favoring the
sensor with the most residual energy when the network is
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old.

5. CONCLUSION

In this paper, we propose a dynamic transmission protocol
for lifetime maximization in sensor networks. Referred to
as DPLM, the proposed protocol selects the sensor that re-
quires the least portion of its residual energy for the cur-
rent transmission. We demonstrate analytically that DPLM
adaptively selects the sensor according to the age of the net-
work. It is more aggressive to reduce the reporting energy
by prioritizing the sensor with the best channel when the
network is young and more conservative to balance the net-
work residual energy by favoring the sensor with the most
residual energy when the network is old. As the initial en-
ergy goes to infinity, the average reporting energy of DPLM
approaches the minimum value achieved by selecting the
sensor with the best channe] in each data collection. Sim-
ulation results show that DPLM outperforms existing pro-
tocols and its performance gain increases as the number of
SENSOrs increases. '
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