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Energy efficient system design in wireless sensor netwaks h ° o . e |

been previously discussed at different levels of the né&tywmto- . o R .

col stack so as to provide the maximum possible lifetime ofeng " s o < o

network. This paper proposes a novel idea to save energughro o sensor naie

extra relay nodes by eliminating geometric deficiencieb@ffiven ] ° ° e e o relay node

201t 201t 20ft 20ft 20ft 20ft

topology. Given the sensing locations, the problem is terd@nhe
the optimal locations of relay nodes together with the optien-
ergy provided to them so that the network is alive during #&d Figyre 1: a) Locations of the AP and sensor nodes in a parking |
lifetime with minimum total energy. We first formulate thelpem 1) possible locations for the relay nodes
as a nonlinear programming problem. We then propose an ap-
proximation algorithm based on restricting the locationsase the
relay nodes are allowed to a square lattice. This algorittppmx- parking lot. Each sensor node corresponds to a parking spaee
imates the original problem with performance ratio of as las2 resulting topology however is not uniform due to the largeatice
by trading complexity. For the parking lot application wensider, between two sides of the parking lot so extra relay node piace
the relay nodes provide a significant decrease in the totarggn between these sides as shown in Figl(®) may decrease energy
required to achieve a specific lifetime. consumption. The placement of the relay nodes and the energy
saving through them is the main idea of this paper.
. Relay node placement can be interpreted as an additionqmabste

1 Introduction tween sensor placement and energy management based onthe co

. ) nectivity of the network resulting from the placement of tiuales.
A wireless sensor network consists of a group of nodes, &ah C\ye assume that the locations and sampling rates of the sensor
prising one or more sensors, a processor, a radio and ayatigfges are predetermined by some sensor placement algarithm
Such sensor networks are expected to find widespread usehin g{jer to make our algorithm suitable for any application émd
applications as traffic monitoring on freeways or urbanestiger-  ayoid complexity in the first step of the study. One executesb
sections, seismic and medical data-gathering becauseiofld  gorithm to determine the optimal locations of relay nodegtber
cost, small size and wireless data transfr [ with the optimal energy provided to them so that the netwsrk i
Research studies conducted on wireless sensor networkstéal 5jiye during the desired lifetime with the minimum total epe

one of two categories: sensor placement and energy manageng,e usage of energy management protocols then providesthe d
The objective of energy management is to increase netwagk oRjre( lifetime.

ational lifetime since the nodes in a sensor network may 8ot the best of our knowledge, the use of relay nodes is only in-
charged once their energy is drained. Several energy aongeriroduced in 14] and [15]. [14] aims at placing minimum number
protocols have been proposed at Medium Access Control (MAG)relay nodes to maintain the connectivity of a sensor netwo
layer [, 13], routing layer [L1, 2, 5] and application layerT, 10] wjth a limited transmission range. The problem is formudas

of the network protocol stack. a Steiner Minimum Tree with minimum number of Steiner points
The common goal in sensor placement research on the othér a1 T-MSP) problem and then approximated with performaaee r
is to determine the location of the sensor nodes that mirisiae g of 3. However, only decreasing the transmission range without
cost while providing high coverage and resilience to fa&if, 3]. taking into account the energy spent in the circuit and arondji-
High coverage of the areas that the sensor nodes are expect%qie hops may not be always energy efficient. Rather than girayi
sense however may bring some geometric deficiencies san@nitconnectivity, [L5] considers maximizing the network lifetime by
energy provisioning to the existing sensor nodes may ndd ¥  5)|ocating a total amount of additional energy among senedes

1. Figurel(a) illustrates the placement of the sensor nodes in a

(a) (b)
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programming problem due to the constraint of maximum number
of nodes that can be assigned additional energy. Moredver, t
proposed heuristic algorithm cannot be compared to thenapti
solution.
Another idea that is related to the relay node placement @eto . . . . . .
ploy a lot of sensor nodes and turn only a subset of the nodas on @ ®
any given time to save energy][ However, putting a lot of sen-
sor nodes inside the interested coverage area may be vety. cos O sensornoce
Moreover, it is important to understand the best placeméttie ® relaylocation
nodes over a larger area that even includes the locatiohddhot ° ° ° ° ° °
need to be sensed. . . . .
This paper is organized as follows: Secti®presents the frame-F'.gure 2: Example scenario for placing relay nodes in pegelet
; . ... mined locations.
work for formulating the problem. The problem of minimizing
the total cost for a network allowed to contain relay nodey on
predetermined locations is formulated as linear programgrand at node;j from nodes: in unit time. py, ;; is given byp:,(d;;) in
mixed-integer linear programming problems for continuemsl which d;; is the distance between nodeandj and the function
discrete energy allocation respectively in SectBrin Sectiond, p;, that maps distance to the transmission power depends on the
the general problem that removes the location restrictfdhere- environment, the operating frequency and the encodingis as-
lay nodes is formulated as a non-linear programming prolelech sumed to be monotonically non-decreasing function of tetadce
then approximated by a constant factor algorithm where time cbetween the transmitter and receiver—Witheutless-of-giitgrwe
stant can be decreased to any value as lo@ kg increasing the assume that MAC protocol is successful in putting the raflih®
complexity of the problem. Simulation results for placihg telay nodes in sleep mode if they are not the transmitter or receive
nodes in a parking lot are in Secti@n Section6 concludes the a packet. The power consumed by the microprocessor and by the
paper. radio in sleep mode are assumed to be negligible.
The operational lifetime of the sensor network is definedetdhe
maximum time duration during which all nodes in the netwaik a
2 &’Stem M odel alive, i.e. the time until the first node dies, since senstwork

monitoring can be impaired by the early death of some nodds an

Consider a wireless ad hoc network that consists of one 8CG&8 possible disconnectedness of some other nodes asta resul
point (AP), several sensor nodes that generate data fasférato

the AP and several relay nodes. Sensor nodes can act as bath so

and router whereas relay nodes only act as router. Sensoelayd 3 Relay Nodes in Predetermined L oca-
nodes are static once they are deployed. ti

The topology information of the sensor network is represe ity 1ons
a graphG = (V, E), in whichV = {1} U V5 U V. is the set of
nodes including AP, nodg, sensor noded/; = [2, N], and relay

tinuous, this problem is formulated as a mixed-integer loear {—. o o o o
Delta @

In this section, we determine optimal energy distribution gen-
-~ S ' _ : . sor and relay nodes to achieve the desired lifetime for tise aa
nodes,V, = [N + 1, M]. (1,5) € Fif nodesi and; are in the which the number of possible locations allowed for the relagies

transmission range of each other. S . o o
. is finite. Consider the example scenario illustrated in Fégu The
Sensor nodes in the network are assumed to generate dafpeat a L R -
- o . whole area where the nodes are distributed is divided ints gAt
cific rate, g; packets per unit time at node: € [1, N]. These

; A fi i he | i f th . Th
rates are estimated at the beginning of the deployment loaste: Irst, we are given the location of the sensor nodes . entitie 9
. : points shown in the figure are given as a set of possible [mtsti
application and the location of the sensors.

The power consuming parts in a sensor node are radio, sermﬂ;orfor the relay nodes. We would like to assign the energy to efch

. . tﬁese rid points and sensor nodes while minimizing théal to
microprocessor. The energy spent in sensor representsi¢ngye grid p 9

. . . achieve the objective lifetime.
consumption constant over time, i.e. that does not deperdion : . .
o : . . Recall that the topology information of the sensor netwentepre-
munication protocol the network is using. In the formulatithe

energy spent per unit time in sensing is denote@Jay , wherep, sented by a grapt¥ = (V, ) where each edgg, j) € £ is asso-

is the energy spent in obtaining the samples in one packet. ciated with a transmission powgt,, ;;. Since the distance between

The energy spent in radio, on the other hand, completelyrat eall the nodes i/ is predetermined, the transmission power is cal-

on the communication between the nodes. In the formulatiﬁg_}n"ated beforehand b i; :p“(d(l’ﬁ) for e.aCh(Z’j) € B
. e : igure 3 formulates the problem of minimizing the total energy
the energy spent in transmission and reception are repisesbg

o £, andy) £.; respectively, wher is the ener provided to the nodes for an objective lifetimhg

jPtaij Jij iPra/ji T€SP Y, Praij > SNTYY The variables of the problem are the packet flow rgigswhich
spent for the transmission of a packet from natenode; in unit . . ) .
. . . .~ is the average time spent for the reception of the packetsds jn
time, p,... is the energy spent for the reception of a packet in uit O o .
. . . : from nodei in unit time, and the battery energy for ¢ € [1, M].
time andf;; is the average time spent for the reception of packets
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4 RELAY NODES IN ANY LOCATION 3

Minimize S> ¢; Minimize > e;
Subject to:f;; >= 0fori,j € [1, M] Subject to:f;; >=0fori,j € [1, M]
e; >=0fori € [1, M] e; >=0fori € [1, M]
ijij — ijji =g;tt fori e [Z,N] Zj.fij — ijji =g; tt fori e [2, N]
ta(Xpta.ij fij + Xjprafji + psgi) <= ei fori € ta(Xjpta.ij fij + Xjprafji + psgi) <= e; fori €
2, N] 2, N]
ijij — Ejfji =0fori e [N + ].,M} Ejfij — Ejfji =0fori e [N + LM]
td(sztx,ijfij + ijrzfji) <=¢; fori e [N + td(szm,ijfij + Ejprmfji) <=¢; fori e [N +
1, M) 1, M]
Praij = Pra(d(i, j)) for i, j € [1, M]
d(is)? = |I; — ;]2 for i, j € [1,M]
Figure 3: Optimization problem to achieve a desired lifetiiy

with finite number of allowed locations for relay nodes.
Figure 4: Optimization problem to achieve a desired lifetity

o . M without any restriction on the locations of relay nodes.
The goal of the optimization problem is to minimize;_, e;.

The first and second constraints represent the non-ndgatim-
straint of flows and energy respectively. [1, M], the battery energy;, i € [1, M], and the location of the re-
The third and fifth constraints represent the requiremethehet lay noded;,i € [N + 1, M]. The goal of the optimization problem
flow out of each sensor node and relay node respectively. ¥heje to minimizezgl ;.
pected net flow out of each sensor nade 2, N| should be equal The first six constraints are the same as those in FiguTde last
to the time required to transmit the packets generated imibde two constraints are added since the distance between nades
per unit time,g;tt, wherett is the transmission time of one packet; where eitheri € V,. or j € V, is variable, resulting in variable
while the net flow out of each relay node location, which corrg,, ;..
sponds to the nodesc [N + 1, M], should be zero. The formulation is transformed into a mixed-integer nogdinpro-
The fourth and sixth constraints guarantee that all the s\@de gramming problem for the discrete energy assignment sicenar
alive during the desired lifetimg;. The term in parentheses-refershe optimization variable; is replaced byz;e.. for i € [1, M] in
to the energy spent per unit time. It includes the energy tsipenwhich z; is the integer optimization variable. The goal is to min-
transmission and reception of packets for both sensor dagl rémize the total number of batteries that should be providetch
nodes with the additional energy spent in sensing for semstes. s given byzf‘il 2.
If the optimization variableg;;,4,j € [1, M] ande;,i € [1, M] This problem is not a convex optimization problem: theref
are allowed to be any real non-negative number, the proldem try to find a constant factor approximation algorithm. Weitalty
linear programming (LP) problem, which can be solved by $&xp restrict the allowable locations for the r nodes and gan®
method or other polynomial complexity methods. the total energy allocation to the optimalﬁ%. The compyeod
The formulation is transformed into a mixed-integer lin@@o- the resulting polynomial algorithm is expected to increaseits
gramming problem for the case where the manufacturer pesd@capproximation constant decreases.
standard package with a standard amount of battery enerdlyefo We consider a grid structure for the allowable locationsedhy
nodes. Let. denote the energy of the standard battery packaggdes. Assume that the nodes are allowed to be distribuséein
Then the optimization variable is replaced byt;e. fori € [1, M] a rectangle of ared. The number of possible locations for the re-
in whichz; is the integer optimization variable. The goal is to minay nodes on the square lattice in which the distance betiveen
imize the total number of batteries that should be provisddch neighboring lattice vertices iA is given by%_ This means that
is given by>" | ;. @ as the distancé decreases, the number of variables in the formu-
lation given in Figure3 increases by a factor 051—2 In the fol-

. . lowing, we find the dependence of the approximation consiant
4 Rel ay Nodesin Any L ocation this d?stanceﬁ so as to%nderstand the cogfof restricting allowable
locations for the relay nodes.
Theorem 1 Lete; be continuous and' C R? be the set of all ver-
tices of a square lattice in which the distance between twghae
boring lattice vertices i€\. Then the optimal total energy required

. X ) 16?‘ the case where the relay nodes are only allowed to be on the
given by Ly = {ly,la, ...,y } whereas the variable locations of ) pio (VIFIAT) .
the relay nodes are given by, = {Ix.1,....l;}. Notice that Vertices ofGis at mosmaz === = times the optimal to-
the prebabilityp,, ;; associated with a linki, j) € E is variable tal energy required for the case where there is no restricba the

if either i or j, or both are relay nodes. This general problem lRcation of the relay nodes, which we cab-restriction case
formulated as a non-linear programming problem in Figure ~ Proof We prove this theorem by providing an algorithm that takes

The variables of the problem are the packet flow ratgsi, j € the graph representing the optimal solution for the norictgin

This section extends the results of the previous sectioeimpving
the restriction of predetermined locations for the relagie®

The topology information of the sensor network is represe ity
G = (V,E). The fixed locations of the AP and sensor nodes
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4 RELAY NODES IN ANY LOCATION

case and obtains a solution for the grid structure by spdjtdach

relay node in the optimal graph.

For this purpose, we first introduce some notation. Let thara
solution of the no-restriction case be given by the gréph =

adding flows between the vertices corresponding to relagsad
G- The sum ofe;'C over all the corresponding verticéf node:
should be zero. Flows are assigned between these vertioesk®
the resulting:}, equal to zero for all.

(Var, Enr), WhereV,,,. contains the sensor nodes and relay nodéBe essence of the algorithm lies in the fact that the respd,

that are used to carry packets abigl. = {(i,7)|f;;
Vir b, wheref(’p* refers to the optimal flow rate from nodeto bly increasing the number of relay nodes between them cadpar

fP > 0,4, 5

€ keeps the flow rates incident on sensor nodes the same wiséé po

nodej. Let us initialize the graph that will represent a solutidn 0 G- due to the restriction of placing them at the vertices of the
the grid structure witl?, = (V,,, E,), whereV, = V, is the set of lattice. The firs constraints in LP problem in Figu@are obvi-
sensor nodes and, = (V. x V.) N E,, contains only the edgesously satisfied folG, resulting from the above transformation. If
of E,,. between the sensor nodes.
The nodes corresponding to a relay nadere defined to be thedo they forG,,.

vertices of the lattice nodgis in. If nodei is located on a vertex The flows incident on sensor nodes do not change. Therefwe, t
of the lattice, then there is only one corresponding nodene®t reception energy at the sensor nodes is the same. If thersert®
wise, there are corresponding nodes. The node correspondingit@nd the relay nodg are in the same lattice, then the maximum
a sensor node is itself.

The excess at the nodecorresponding to a relay nodés defined

as follows:

ekiz I(Z ]ak)foptiz I(Z ]7k)f0pt

0 otherwise.

The pseudocode of the transformation algorithm is giveriguife
5.

For each relay nodec V,,,
add one relay node at each of the vertices corresp
ing to nodei to Vj, if it is not already inV,
if (i,7) € En-((j,7) € E,.) and nodej is a sensor
node or relay node that has already been processed
add a directed arc between the closest nodes c¢
sponding to nodeé andj to £, with the corresponding
flow rate f77* (")
For each relay nodeec V,,,.
determine the excess, at each corresponding relg
nodek € V,
solve the resulting transportation problem by assi
ing flows along the shortest path between these re
nodes

updateG, with the resulting flows from the trans-

portation problem

1)
wherel(i, j, k) = 1if k is the node corresponding to nodthat is
closest to one of the corresponding nodes of noaled! (i, j, k) =

the flow balance equatlons for the nodes are satisfied:fgr, so

distance between the sensor node and the closest corrésgpond
relay node i%A. The maximum ratio of the energy consump-

. . . Htm(
tion to the optimum energy consumpnomsW
Dt ( fA)

1,3 € Vinp Pra (dij)

The max-

which

imum value of this ratio is given b,mn
d

Pt (

is upper bounded bw, which is more than or equal to
1. On the other hand, if they are on different lattices, thendis-
tance between the corresponding relay node and the sender no
may decrease or increase frofjy to at most, /d;; + A2. This

increase corresponds to transmission energy increase aifter f

2
of p‘(pi W, which is upper bounded bmaxdp”‘(pi thfj)ﬁ),

bnd-which is more than or equal tb The total resulting energy con-
sumption at the sensor nodes therefore increases by at rfarst a

Pm(%A) pra(VAZFAZ)\ pia(VAZFAZ)
tor of max (==, maxg === ) = mag =

sincemingpi, (d) = pi(0).

PI"€The total flow rate incident on relay nodes is at most doubted t
balance flow equations in second part of the algorithm sodhe r
ception energy of the relay nodes is at most doubled.

The energy spent for the transmission of the flfw from relay

Y nodei to nodej is Pea(dij) fij In Gy During the first step of the
transformation algorithm, if the nodes are in the sameckattind

ON- nodej is a relay node, the closest corresponding relay nodes are

l2y the same so no energy is required to transmit the flow. If thikeso

are in the same lattice and noglés a sensor node, the maximum

distance between the sensor node and corresponding redayiio

LA resulting in energy consumption increase by at most a factor
f Pt:( > A)

mingpes (d)

. If they are on different lattices and noglés a relay

Figure 5: Algorithm to transform optimal solution for the -nonode, the transmission energy from the relay node corretpgn
restriction case to a solution for the grid structure

to node: to that corresponding to nodgis less thamp,,(d;;) fi;
since they are closer thah;. If they are on different lattices and

In the first part of the algorithm, the relay nodesGr, are split nodej is a sensor node, the transmission energy increases by at
so that all the relay nodes in the resulting gragh are on the st a factor ofmazy, pu(vd?N)_ The maximum ratio of the

vertices of the lattice. Each link, j) € E,, is transformed into
a link between two nodes, one corresponding to noded the
other corresponding to nogen G,,. Although this transformation tion is upper bounded byax 2 (rimapen(@) MO

ptm( )
energy consumption at this stage to the optimum energy ocopsu
pee(58) P (VIEAT) )
Pta(d)

does not change the flovfs; |nC|dent to sensor nodes, it affects thg, gz, Ptr(vd JSA ) which is more than or equal to

flow balance equations at the relay nodes. The second petréofgurmg the second step, additional flows are added to satiefy
algorithm aims at satisfying the flow balance equationé:jnby
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flow balance equations. The maximum additional flow betwestnicted to be placed at the vertices of the lattice is less th
the relay nodes at the corresponding verticesffgris f;; trans- the energy required forG,, the approximation constant is
mitted at maximum distancg/2A resulting in transmission e”'4(maxd””(‘/d2+2f2)].

ergy pi(vV2A) f;;. The ratio of this energy to the optimum en- Pea(d) 0
ergy consumption is upper bounded # 5%2;%;)- The total trans- Remark Note that the approximation constant can be made arbi-

mission energy at the relay nodes therefore increases bystt rirarily close to2 in Theoreml by choosing small enough.

% + maxdp”(pi thzj)y), which is upper bounded by the
following: 5 Simulation
P (V2A) pa(V + A2) The purpose of our simulation is to examine the effect ofyrela
2max( mingpee(d)’ marq Pra(d) ) (@) nodes on the total energy provided to the network for a pgrkih
application.
A/ 2 2
< 2max( pt_x(\/iA) 7maxdptff( @ +24%) (3) Inthe simulations, the locations of the AP and sensor nauésel
Mingpes(d) Pra(d) parking lot are as shown in Figuiga). The relay nodes are placed
<9 P (Vd? + 2A2) 4 onto the vertices of a grid in the parking lot. Figuké) shows
= 2Mazq e (d) @ the relay nodes placed on the vertices of a square latticélef s

. length20ft. Two scenarios are simulated: constant transmission
The overall energy consumption increases by at most a fattopneqy and variable transmission energy. In the constanstnis-
QWLafchmfiiz&)zM- Since the optimal energy required for thejon energy scenario, a constant transmission power isaseds
relay nodes restricted to be placed at the vertices of thiedas the network. In the variable transmission energy scenarithe
less than the energy required 16y, the approximation constant isother hand the nodes can adjust their transmission powerdcc
Pro (VA2 +2A%2) ing to the distance.
P (d) ] Figure6 shows the correct reception probability as a function of

Theorem 2 Lete; be discrete, i.e.; = x;e. in whiche, is the the distance between two mica2dot nodgs [The quality of the
battery energy and; is integer for each < [2, M]’ andG c R? link exhibits hlgh variation when the received Signal Sgléris be-
be the set of all vertices of a square lattice in which theatise 0w a certain level. To provide a system that is guarantegii/®a
between two neighboring lattice verticesAs Then the optimal Specific lifetime unless the nodes fail and a robust comnatiic

total energy required for the case where the relay nodes atg obetween the deployed nodes with a correct reception prhiyabi
ptw(\/d‘uzﬁ)] close tol in the constant transmission energy case, we first assume

allowed to be on the vertices 6fis at mostt[max 4 2 =—"==— . i - Te e
a basic reception modelThe probability of communication i$

. . . Pta(d) .
times the optimal total energy required for the case wheeeetiis if the distance between the nodes is less than a distéracel 0
otherwise, which ignores the links with a success protkghiss

no restriction on the location of the relay nodes, which wi na-
an1 due to the inconsistencies in those links. We then extend

2maxy

restriction case

Proof The proofis again based on an algorithm that transforms Eﬁe S . . :
. . . - IS transmission range ovikitimesd to obtainextended reception
graph representing the optimal solution for the no-restrccase

t0 a solution for the grid structure as in the proof of Theorem model The probability of correct reception isif the distance be-

The additional restriction here is that we have to look aheamle tween th_e node; Is less tharand decreasgs linearly frointo 0.
. . . as the distance increases frehto kd. In this case, the transmis-
separately due to the discrete energy allocation requineme ) . o
. ! . : sion energy is given by the constant transmission powerdohre
As a result of the transformation algorithm explained in pine@of ) . 1 : X .
. the distance, p;,.(d), times— in whichp,. is the correct reception
of Theorem 1, the total energy consumption at the sensorsnode . : Lo Pe .
. pew (VIETAT) probability. This variability in the transmission powelaas us to
increases by at most a factorofiazq ™5 ="1. observe the effect of low quality links on the total energyuieed
The flow rate incident on each corresponding relay node so {§ethe network.
reception energy of the corresponding relay node is less dha The assumptions about the energy dissipation in transrditren
equal to that of the relay node itself. ceive modes will change the advantages of different présodtie
The energy spent for thg transmission of the flﬁwfrom node yse the radio model described inZ]; The radio spends,, =
i to nodej is pi;(dij) fij in G, whereas the maximum energyg, ;.. 4 ¢,,,,,d* to transmitl-bit over a transmission radius df
spent in transmission at each corresponding vertex of the reynjts whereas the radio spenfls.. = E.;.. to receivel-bit, where
node is the maximum o, (v/2A)f;; and py.( /dfj + A2) fi). Eele(: is the electronics energy alaglmp_is the amp!ifier energy. In
. . pew(VIZFIAT) the figures E.j.. = 100nJ/bit and ratio’ denotesjﬁ. The bat-
The ratio 9f the Iatter. to the first _'S at mostazq Pra(d) " tery package is assumed to be a pair of AA battleries, which can
The result%?y increase ratio at each relay node nefthg supply 2200 mAh at 3V. We further assume that the desired life
fmawd%l Since there are at mogtrelay nodes in time is10 years and each sensor node consumes 1/10-th of battery
G corresponding to each relay nodedh,,, the total energy con- energy in sampling during the desired lifetime.

sumption increases by at most afactogb,fnaxdptrv(i vd?(;rfﬂ")}, Figure 7 shows the total energy consumption in the network as a
Pt

x

Since the optimal energy required for the relay nodes fenction of the transmission rangeft grid size for the constant
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Figure 9: Energy consumption for different transmissionges

Figure 7: Energy consumption for different transmissionges g = =l
and extended reception model at 5-ft grid size.

and basic reception model at 5-ft grid size.

Figures9 and 10 show the energy consumption as a function of

is large enough, there exists an optimal transmissioenecrah"ge transmission ran'ge.atft grid size and grid size respegtivelyforthe
relay nodes remove the geometric deficiencies by allowiagém- Constant transmission energy and extended reception mdHdel
sor nodes decrease their transmission range. Howevenahs t fransmission rangémeans that the probability of correct reception

mission range should not decrease below a certain leves sirec is 1 if the distance between the nodes is less ithamd decreases
increase in the number of hops to reach the AP starts to doenidig€arly from 1 to 0 as the distance increases frafo 3d. The
the decrease in the variable part of the transmission epetggh behavior of the figures is similar to tho;e fpr the basic réoap
contradicts placing minimum number of relay nodes to maintd"de! €xcept that the energy consumption is less compaitédto
the connectivity of a sensor network with a limited transsius 1N the basic reception model. Moreover, the energy saving as
range for energy efficiencylf]. Moreover, the total energy con-function of the grid size _has also decreasgd since the tigsiEm
sumption in the discrete energy allocation case is morettiarin  €N€rgy has become variable over a certain range. This obeour
the continuous allocation as expected. comes at the cost of decreased robustness.

The effect of the grid size on the energy consumption conuptare F'igure 11 iIIustr'ates the energy saving by the deprease in the grid
the case where no relay node is used is depicted in Fgyufhe Size for the variable transmission energy scenario. Theggrsay-
energy saving increases as the régie= increases due to the dom!N9 IS less compared to the constant transmission energysase

inance of the transmission energy over the circuit energyticd the nodes can save energy by adjusting their transmissiwerpo
P (VEFZAZ) o €Ven in the ‘no relay node’ case. Notice that Figut€sand 11

that the value of the approximation functioma 4 . i
o Pea(d) _do not show any energy saving for the discrete energy altotat
Theoremsl and2 decreases af> decreases for the same gridase. This is because at least one battery energy is assigeach

. clec . .
size A. Furthermore, the energy saving is observed to be less dghsor node, which is enough to handle all the transmissions
the discrete energy allocation.

transmission energy and basic reception model. If%ﬁ‘r&;i ratio
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Figure 10: Energy consumption normalized by that in the &lay Figure 12: Energy consumption normalized by that in the &lay
node’ case for different grid sizes with extended receptiaalel. node’ case for different grid sizes, basic reception modd|H10-
th battery energy.
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Figure 11: Energy consumption normalized by that in the &lay

node’ case for different grid sizes and variable transmisenergy. Figure 13: Energy consumption normalized by that in the &lay
node’ case for different grid sizes and variable transmoissnergy
at 1/10-th battery energy.

Figures12 and 13 demonstrate the effect of the grid size on the

energy saving fot /10-th of battery energy. As expected, the dis=or the parking lot application we consider, the relay nopies
crete and continuous energy allocation have similar benhavith vide a Signiﬁcant decrease in the total energy providedemm_
slightly more energy saving in the continuous energy atloca  work by decreasing the minimum transmission range requaed
the network to achieve connectivity. We also observe theatréms-
mission range should not decrease below a certain value Hiec
increase in the constant energy dissipation in transrratbel re-
We lid f . qeiver circuitry over multiple hops start to dominate theréase
propose a novel idea of energy management by using rGifthe variable energy dissipated in the transmit amplifier
nodes in a wireless sensor network. We assume that thedosati oy P P '
and data generation rates of sensor nodes are predeteriyitieel
sensor placement algorithm of the application. The prolideieen R ef er ences
to determine the optimal locations of relay nodes togettitr the
optimal energy provided to them so that the network is alivend)
a desired lifetime with minimum total energy.
We formulate the problem as a nonlinear programming problem
We then propose an approximation algorithm based on rastic
the locations where the relay nodes are allowed to a square IR] J. H. Chang and L. Tassiulas. Maximum lifetime routing in
tice. The algorithm approximates the original problem vpiéinfor- wireless sensor networkdEEE/ACM Transactions on Net-
mance ratio of as low aby trading complexity. working 12(4):609-619, 2004.

6 Conclusion
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