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Abstract: Economical power use is essential to allow for long-lastipgration of
wireless sensor networks. This applies equally to lineasae networks as they
emerge when sensors are deployed along bridges or pipelimthés work, we present
MERR (Minimum Energy Relay Routing), a novel approach torgpefficient rout-
ing to a single control center in a linear sensor topologysdslaon an optimal trans-
mission distance, MERR finds paths that minimize total poe@ysumption. Our
analytic and simulation results show that MERR saves sigifi power compared to
conventional approaches and has near-optimal performance

1 Introduction

A sensor network can consist of thousands of nodes thatraited in power, computa-
tional capacities, and memory. Thus, the primary congsdar sensor network protocols
and algorithms arenergy efficiengyscalability, andlocalization Scalability is ensured
if each node exchanges information only with its neighb&GIHK99]. In a localized
routing protocol, each node decides on the next hop basgaarhe position of itself, of
its neighbors, and possibly of the destination node.

Many routing protocols have been designed for wirelessaemstworks over the past
years [AKK04]. Most of them consider the most general caserelsensors operate in
a mesh topology. For many practical scenarios, however, shrtagpology may not be
appropriate or simply not feasible. Consider, for examptajctural health monitoring
of bridges [KPC 07] and pipelines [SNMO7], geolocation in underground raifi¢DO05],
border surveillance, or lighting control along corridoffiese applications feature, by and
large, a linear sensor topology that is predetermined bgiphystructure, measuring point
distribution, and application requirements.

In this work, we study the problem of energy-efficient datkveey from multiple source
nodes to a single sink nodbgse statiohin a linear sensor network. We first discuss two
conventional approaches, direct transmission and MTE ifmim-transmission-energy)
routing, and show how paths can be established that havenminitotal power consump-
tion. Then we present MERR [ZDRO07], a novel routing protatait approximates op-
timal paths by selecting suitable nodes for retransmissidfe evaluate all algorithms
analytically and by simulation using a stochastic modetfiersensor distribution. As our
results show, MERR achieves power savings of up to 80% cosdgarMTE routing and
deviates less than 10% from the theoretical optimum in praiste sensor networks.



2 System Model

In this work, we use a radio model where a sensor dissipatgs, d) = r(aw, + ed?)
of power when transmitting a bit-stream of ratever a distance and P, (1) = ra,,
when receiving the same stream [BGCO01]. Parametgrsand o, (g, + ap = @)
are the energy per bit consumed in the transmitter and rexceircuits, respectively, and
e accounts for the energy dissipated in the transmit amplifiéie path loss exponent
typically ranges between 2 and 6 [Rap96]. It is closer to Bef¢ is a perfect line-of-sight
between transmitter and receiver and can go up to 6 in debs@& areas.

We also need to model the sensor arrangement. To make ouisrpsttable to a wide
range of applications, we want haphazardly distributedaesrather than a fixed arrange-
ment. We therefore useane-dimensional homogeneous Poisson proegss constant
rate \ to model the distribution of sensors. Its points represeahdom sequence of sen-
sors distributed on a straight line. Hence, the Poisson¥&e measure of node density,
and1/) corresponds to the mean distance between adjacent nodes.

3 Conventional Approaches and the Optimal Case

There are two basic approaches to deliver data from a soodzto the base station. First,
data can be transmitted directly. This strategy is not B#asi there are many obstacles in
between or the base station is too far apart in order to gteegmoper reception. How-
ever, direct transmission can be the method of choice i&dtsts are relatively short or the
energy required for reception is large. Another approadth isse intermediate nodes (re-
lays) that retransmit data upon reception. In MTE routihgse relays are chosen such that
the transmit amplifier energyd”) is minimized [HCBO0O]. Hence, in a linear topology,
each sensor transmits to its direct downstreagighbor. For long-distance transmissions,
MTE routing can dramatically reduce transmission power garad to direct communi-
cation. The drawback is that immoderate receive energysphted if nodes are close to
each other or the energy required for reception is high.

Consider now the case where data is to be delivered from aisdénsated at distanch,

to the base station with minimum total energy consumptioired transmission to the
base station is optimal i < a/(e(1 — 2'77)). Otherwise, it is best to seletk ,,; — 1)
equally spaced nodes for retransmission [SL&J,: is the optimal number of hops which
is either| D/dcpar] OF [D/dechar |, Whered.pnq, is the characteristic distancéBGCO01]
given by (a/(e(y — 1)))'/7. The characteristic distance is a constant, provided that a
nodes are equipped with the same radio and the propagation®ement is stable.

The problem we looked at is which of the two alternatives &y, is in fact the best
choice. Letm = | D/dcpqr| andd = D/dcpqr — m. The choice D /dcpq,-] is optimal if
§ < (m?+m)Y/?2 —m, fory = 2,ands < (3m?3(m 4+ 1)3/(3m? + 3m + 1))1/* — m,
for v = 4, respectively. Otherwisg¢ D /d ... | is preferable in each case.

1Downstream means toward the base station.



4 MERR: Minimum Energy Relay Routing

In the previous section, we discussed the theoretical degeatcertain optimal number
of relays can be placed at desired positions to set up a mmienergy path. However,
in a real linear network with sensors at arbitrary positiswch an optimal path is very
unlikely to exist. The best we can do is to select appropnatdes for retransmission in
order to approximate the optimal case.

To this end, consider the characteristic distance, whiarbesseen as the globally optimal
forwarding distance, that is, the distance a node shoutdimné its data onward in order
to minimize the energy consumed on the entire path from soarbase station. This ob-
servation leads to the basic idea of MERFRch sensor seeks locally for that downstream
node within its maximum transmission range whose distascsest to the characteris-
tic distance.Once a sensor has decided on the next hop, it adjusts itsiissien power

to the lowest possible level such that the radio signal cainje received by the respective
node. In operation, a sensor transmits any data to its pgeessnext hop node.
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Figure 1: Expected power consumption against Poisson matie(density) for a linear network of
100 sensors and path loss exponent 2. The radio parameteasi@pted from [Hei00], yielding a
characteristic distance of 100 rx (0.01). MERR and MTE routing have equal power consumption
when the Poisson rate corresponds to the characteristéamdes (indicated by a dashed vertical line).

Figure 1 depicts the performance of MERR compared to thearttinnal approaches and
the theoretical optimum. The graphs are generated usingtiegs from our stochastic
analysis and show expected power consumption againstiPaiste (node density). It can
be seen that direct transmission falls far short for smalengensities. MERR is bounded
by MTE routing (upper bound) and the optimum (lower boundyrtikermore, MERR
approaches the theoretical optimum as node density iresdsescause the probability to
find a near-optimal path increases as well. In factyfer 2, MERR saves 80% of power
compared to MTE routing and deviates less than 10% from thienam if the distances
between adjacent sensors are on average 18 1) and 50 m &€ 0.02), respectively.



5 Conclusions

We propose MERR, a scalable and localized routing protdeai &llows for energy-
efficient data delivery in linear wireless sensor netwoBach sensor only needs to know
the distances to its reachable downstream nodes and sleatext hop autonomously
based upon the characteristic distance. Our analytic andlaiion results show that
MERR constitutes a significant improvement in terms of posgenpared to conventional
techniques and performs close to the theoretical optimum.
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