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Abstract' — Since battery energy is often a premium resource
in wireless sensor networks, many systems attempb tonserve
battery energy by turning the transceivers off in aprocess re-
ferred to as duty-cycling. In [4-5], the authors poposed two dif-
ferent random duty-cycling protocols utilizing psewo random
number generators to efficiently exchange ON/OFF &edules
among neighboring nodes for transmission coordinatin. We
propose two simple transmission schemes that arefserior to the
performance of the schemes in [4-5] in terms of ergy consump-
tion and a macro network metric termed delivery capcity. The
delivery capacity measures the maximum long term arage uni-
cast traffic delivery capability of a network. Through analyses
and simulations, we present a detailed energy ancetivery capac-
ity tradeoff study of the transmission schemes in4f5] and the
schemes we propose. We show that one of our proposszthemes
is near-optimal in energy consumption for low traffc loads. In
addition, we provide insights on the appropriate OMOFF duty-
cycling parameters that can achieve the optimal engy and de-
livery capacity tradeoff curve.

Keywords — wireless sensor network, duty-cycle, energy, dejive
capacity

I. INTRODUCTION

In recent years, there has been a prolific growtthe re-
search and development of large-scale wirelessosemst-
works (WSN), spurred by a confluence of advancemamt
diverse technical fields such as embedded proagssignal
processing, and networking. Such WSNs enable bligged
sensing in diverse geographical areas such asgeotam-
puses, farms, forests, and seas, thereby signifjcaxtending
the traditionally available information gatheringpabilities.
Comparatively speaking, battery technology has exqteri-
enced advances commensurate with the rate of t¢bbno-
logical developments. As a result, battery enegyften a
premium resource in WSNs. Since most radio frequéR€)
transceivers consume a significant amount of bateergy

WSNs, slotted multiple-access control (MAC) schemvegch
enforce communication on synchronized slot bouredahiave
gained popularity [4, 6]. Such synchronized dutgling
schemes can realize significant network energynsmvidf.

Since the wireless channel is a shared medium,ltsina:
ous transmissions from multiple neighboring nodey mesult
in packet collisions, rendering the received infation indis-
cernible. To avoid energy wastage, a node showdllig turn
on to receive in a slot only if there is a transias intended
for it and if the transmitted packets can be remgiguccess-
fully without collision. By the same token, ideallg node
should only transmit to a neighbor if the latten caceive the
packets successfully. This requires coordinatiorObf/OFF
schedules among network notles

Since the optimal time-division multiple access B)
schedule is often difficult to compute [7], resdmns have
proposed random duty-cycling protocols where naudseve
some degree of coordination by sharing informataout
each others’ pseudo random number generators (pRMNG)
8]. By such an information exchange, neighboringasocan
achieve loose coordination among them — the schedate
themselves random in nature but by exchanging & setaof
pRNG parameter values (suchsaed andcycle position) each
node can construct the exact ON/OFF state infoomadf all
of its neighbors in a large number of subsequeissin [4],
the authors propose to reduce the amount of wasdedmis-
sion energy by transmitting to a neighboring noddy df the
node is ON and receiving in a slot. In [5], thelaus propose
exchanging the schedule among all two-hop neighbdgtis
transmitters competing for a neighboring receivetst in a
process similar to slotted-ALOHA.

Although the method proposed in [4] and an improved
sion of [5f are more energy efficient than a purely random
transmission scheme without schedule exchangeg dinaot
capture all the realizable energy savings. In ffaper, we

when they ar@®©N, many WSN protocols attempt to conservecompare six different schemes including [4] andraproved

battery energy by turning the transceiv@sF in a process

version of [5]. We show by means of stochastic ysialand

referred to asluty-cycling. The duty-cycles may be periodic Simulation that it is possible to achieve signifitg higher

with fixed ON/OFF schedules, random with randoméner-
ated and time-varying ON/OFF schedules, or cootdtha
among neighboring nodes depending on traffic denjar].
In the implementation of energy conserving dutylioge
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% This requires slot synchronization, which can bbieaed via GPS or by
techniques proposed in [9].

In a system where ON/OFF schedules of neighborodes are uncoordi-
nated, the total throughput can be significantigitéd and the energy con-
sumption can be much higher than necessary. Iiphin if traffic pattern is
known in advance, optimal TDMA schedules can achi¢kie highest
throughput with minimum energy consumption.

4 The method proposed in [5] was not meant for saeimgrgy but for reduc-
ing collisions to attain higher throughput. Theuds®f [4] was on achieving
energy savings without much attention to achievdirieughput.



energy savings by incorporating receiver energynspstrate-
gies. This is intuitive since in well connected WS single
transmission, which is a wireless broadcast, coakllt in
significant energy expenditure due to receptionsateral
nodes. Hence, intelligently turning off receiverfieh will
otherwise be idle, suffer a collision, or receivackets not
intended for it has significant payoffs in termsesfergy sav-
ings without sacrificing bits delivered. We proposso
schemes which adopt the receiver energy savingegira
along with other simple techniques and show thath bo
schemes outperform [4-5] in terms of energy savigsvell
as total bits delivered in a slot. These schemeslascribed in
detail in Section II.

We propose and use a macro network metric termebd

ery capacity to better contrast the spatial reuse and energy

saving features of the different schemes. Thisimeteasures

We assume that time is divided into equal durasims.
Slot synchronization among nodes can be achievied tech-
nigues in [9]. In each time slot, a node can berig of three
states: ON-RX, ON-TX, and OFF. In the ON-RX stat@ode
turns on its reception modules to receive incontiadfic. In
the ON-TX state, a node turns on its transmissiodutes to
transmit outgoing traffic. The transmission may ibgended
for one of the neighboring nodesni-cast hop traffic) or for
multiple neighboring nodesnllticast or broadcast hop traf-
fic). Each transmission is omnidirectional and is dday all
of the neighboring nodes in the ON-RX state. Welarssthat
when a node chooses a neighboring node to trarsiitere
is always enough packets to send. Finally, in th¢& Gtate, a
node turns off all of its communication modules.

In each slot, each node chooses its state indepgydd
each other and independent of previous states prthabili-

the maximum number (long term average) of successfuies p,, py and py =1-p;y — Py fOr states ON-RX, ON-TX,

packet receptions in a unit slot time given a paféir scheme.
Hence the delivery capacity is an intrinsic propeftthe net-
work topology and the particular transmission schersed. In
our study, we assume that each node transmitsety ewme of
its neighbors with finite probability. The schentet yields

higher delivery capacity achieves higher spatiakeegiven a
network topology, hence is able to deliver more kiiccess-
fully in a slot. Therefore, the ideal transmissgmeme should
achieve high delivery capacity while balancing egecon-

sumptions.

Through analyses and simulations, we present aletbta
comparative energy and delivery capability studgigftrans-
mission schemes under uni-cast and broadcastctrasfiwell
as provide insights on the appropriate ON/OFF daytling
parameters that can achieve the optimal energydefidery
capability tradeoff curve. In addition to perforncengains
over existing schemes, we show in Section V that aihour
proposed schemes can yield near-optimal energyngsor
low traffic loads. The simplicity of this schemepnabined
with near-optimal energy performance makes it @alianes-
sage delivery scheme for WSNs with low traffic lsad

This paper is organized as follows. Section Il prés the
models we use in our analyses and simulations.iddeactll
and IV present analytical and simulation resulspeetively.
Section V presents a discussion of our proposeenseb. Sec-
tion VI summarizes the key results of this paper.

Il. MESSAGEDELIVERY SCHEMES AND METRICS

Consider a network wittN nodes, each with a transmis-

and OFF respectively, wher@< p,,,py <1 and 0< py <1.

For practical implementation of the random dutylieyg pro-
tocols, the state probabilities may be different dach node
depending on the local traffic load and topologytHe subse-
guent analysis we assume that the state probabibitie iden-
tical at each node for simplicity and for gainirgree insights
into the dependency of network performance on ttades
probabilities. Tuning state probabilities at eadden for local
performance improvement is subject to future studie

A. Performance Metrics

In a WSN, energy consumption and the amount of data
traffic the network can sustain are two importangtnias.
Since a wireless network is inherently interfereledéted, the
amount of sustainable traffic is limited; hencensmission
strategies and routing schemes that can besteuthig spatial
reuse feature while limiting the amount of passtigh traffic
tend to increase the amount of end-to-end traffec ietwork
can sustain. Assuming that each node has some t(aither
new or pass-through) to send to each of its neighpamodes,
and given a network topology and state probakslitizve
would like to design message delivery schemes dbhteve
high spatial reuse while attaining low energy cangtion (ie.
limiting the amount of wasted energy due to cailisor nodes
turning on but are idle).

We define two performance metrics that capturentén-
sic spatial reuse and message delivery capabilities net-
work given the network topology and message dsliver
schemes we will describe shortly: reception sucesskhop-

sion radius ofr . We adopt a distance-based link model in thaidelivery success. A nodereceives a transmission success-

a link exists between two nodes if the inter-nodstatice is

fully (reception success) in a slot if it is in the ON-RX state

less thanr . The resulting network can be represented by @nd exactly one of its neighbors is in the ON-Tatst(ie. no
graphG(v,E), whereV is the set of vertices representing thecollision at the receiver). This is a stringentlis@n model
nodes andE is the set of edges representing the links. Wehat does not account for the possibility of captdue to re-

assume the graph is connected such that theres eatiseast
one path connecting any two node pairs. The nodesrdi-
trarily indexed from 1 toN . Each nodei has a set of
neighboring nodes denoted by . The cardinality ofH; is

denoted byhy , whereh O[1,N- 1].

ceived power differences [10]; hence the humbesuatesses
in the subsequent analyses is conservative comparedat
may be achievable. Note that a reception successodgi
does not mean that nodeis the intended recipient of the
message received. We definap-delivery success to be a re-



ception success at the intended recipient. Hereangeonly
referring to delivery over one-hop and not end+td-delivery.

We defineReception Capacity andDelivery Capacity to be
the maximum average reception success and avemge h
delivery success for a given network topology anessage
delivery scheme, where the average is taken olaga num-
ber of slots.Ideally, we would like to attain a high delivery
capacity for a given message delivery scheme while keeping
the energy consumption of the network low.

From an energy perspective, since collisions mayiom
the network, opportunistically turning nodes offiogenerate
significant energy savings. Furthermore, if the antoof traf-
fic load in the network is much lower than the nmaxim sus-
tainable traffic, then turning nodes off througldwty-cycling
protocol can further reduce the energy consumptibrihe
network. We adopt a simple energy model in our stud
each slot, a node expendsg, E,, and 0 amounts of energy
if it is in the ON-TX, ON-RX, and OFF states resipesly.
The average amount of energy consumed by the nletwa
slot is thenEyN,, + E4N,,, WhereN,, and N,,, are the aver-
age number of nodes in the ON-TX and ON-RX states i
slot respectively. This model assumes that thestréssion
power level is the same regardless of the disthetgeen two
nodes. We suppress the possibility of power cortieok so
that the effects due to the various message dgliselnemes
can be highlighted.

B. Random Schedule and Energy Saving Strategies

R2: the intended receivey is in the ON-RX state and re-
ceives the packets. This counts as one hop-delsuggess.

R3: the intended receivey is in the ON-RX state but re-
ceives collided signals

R4: the packets are received by a node(s) other thand
are discarded.

Additionally, for a nodek in the ON-RX state, it is pos-
sible that:

R5: there does not exist a node in the ON-TX stat jn

Under broadcast traffic, the subset of nodesijrnthat are in

the ON-RX states and do not themselves have otighibor-
ing nodes in the ON-TX state can receive the packetcess-
fully. Each node that receives the packets sucalgsis
counted as one reception success.

S2. One-Hop Schedule Exchange

In each slot, the state of each node is determbea
pRNG. At the beginning of network operation, eadde in-
forms its neighbors of its pRNG’s seed and cyclsitim. By
such an exchange, each node can compute the $talleits
neighbors in every slot. This technique is describe more
detail in [4-5, 8].

Having attained neighboring nodes’ ON-TX/ON-RX/OFF
schedules, a nodein the ON-TX state randomly selects one
of the nodesj , where jOH; and j is in the ON-RX state to

transmit to. Under this scheme, scenarios T1-T2 RReR5
may occur while R1 is guaranteed not to occur. fféy,

Now we describe six random message delivery scheme¥ith one-hop schedule exchange, a transmitter ograve

Each scheme has unique features that allow usplorexthe
incremental gains of various parameters and siestetpat
improve total energy consumption and hop-delivargcsss.
The first scheme (S1) is the simplest but the noosterper-
forming. This serves as a baseline for compari$te. second
scheme (S2) is used in [4] and the fifth schemé {SSimilar
to the scheme proposed in [5]. We propose threétiaial

schemes (S3, S4, and S6) and perform detailed rpaaface
comparisons of the six schemes. These schemesiar®as
rized in Table 1 in terms of their energy savingl drop-
delivery success improvement strategies.

S1. Random Scheme without Schedule Exchange

Under this scheme, nodes do not exchange statariafo
tion. In each slot, nodes independently choosestatobabil-
istically as described. Suppose nadis in the ON-TX state in

the probability of transmission success by trantsmgitto a
neighboring node that is not in the ON-TX or OF&tes.

S3. One-hop Schedule Exchange & Nodes Turn OFF
Under this scheme, we incorporate opportunisticrggne
saving strategies. In addition to S2, if a nadén the ON-TX
state does not have any neighbor in the ON-RX étageslot,
then nodem modifies its state to OFF in that slot. Similaifly
a nodek in the ON-RX state does not have any neighbor
the ON-TX state in a slot, then no#temodifies its state to
OFF in that slot. In addition, a nodein the ON-RX state
modifies its state to OFF in a slot if more thare oof its
neighbors is in the ON-TX state. The state modiiica for
each slot can be done all at once after obtaingightors’
pRNG seed and cycle position information. Here B2, R2,
and R4 may occur while T1, R3, and R5 do not. Nlo& R1

n

a slot. For unicast traffid, randomly selects one of the nodesoccurs here because of the state modification f@MARX to

i » where jOH,, and transmits packets fgr. For broadcast
traffic, i simply transmits.
For a node that transmits, there are several possibilities:
T1: there does not exist a node in the ON-RX statH;in

the transmission is unsuccessful.
T2: there exists at least one node in the ON-RX s$tate, .

In this case, there are several possibilities fierriodes inH;

under unicast traffic:
R1: the intended receivey is in the OFF state.

OFF (these nodes would not have received packetwagn
due to collision). With this scheme, the nodes thatlld have
experienced collisions or idle slots are now oppastically
turned OFF to save energy.

S4. Two-hop Schedule Exchange & Nodes Turn OFF

Under this scheme, the state for each node is rdited
by a pRNG as in S2. Each node exchanges the séeclale
position of its pPRNG and those of its neighborsatoof its
neighbors. By such a two-hop exchange, each nodeskithe
state of all of its two-hop neighbors in every slot




TaBLE |. Summary of Hop-Delivery Improvement and Energyifig Strategies

Scheme Hop-Delivery Energy Schedule Exchange
S1 - - -
S2 - Select a neighbor that is in the ON-RX state -- One-hop
S3 - Same as S2 - Modify nodes in the ON-TX state to OFF if thesenio One-hop
neighbor in the ON-RX state
- Modify nodes in the ON-RX state to OFF if thered
not exist exactly one neighbor in the ON-TX state
S4 - Select a neighbor in the ON-RX state that will experi- - Same as S3 Two-hop
ence collision - Modify nodes in the ON-TX state to OFF if thered not
exist at least one neighbor that will not expereenallision
S5 - Same as S2 - Same as S3 Two-hop
- Utilize random backoff with probability of transssion - Modify nodes in the ON-TX state to OFF if the Beddo
that depends on the number of nodes in the ON-&bd &t a| not transmit according to the backoff probability
receiver node’s neighborhood
S6 - Same as S4 - Same as S5 (nodes in the ON-TX state do not modif | Two-hop
- If there does not exist a neighbor in the ON-Ratesthat | their states to OFF if there exists at least orighfer in
will not experience collision, randomly choose @ghbor in | the ON-RX state that will not experience collision)
the ON-RX state. Utilize random backoff with probip of
transmission that depends on the number of nodiaein
ON-TX state in the receiver node’s neighborhood

In each slot, a node opportunistically modifiesstate to
OFF as in S3. In addition, since a node has twodubiedule
information, it knows the modified schedule of af its
neighbors. After determining the new schedule, denmodi-
fies its state from ON-TX to OFF if there are naghdors in
the ON-RX state in that slot. This saves even newergy
over S3. In addition, a nodein the ON-TX state randomly
select one of the nodes, where jOH; and j is in the ON-

RX state under the new schedule to transmit tos Trtreases
the probability of transmission success as thestrétted

packets are guaranteed to be received succesbfultiie in-

tended recipient. Here T2, R2, and R4 may occuleifi, R1,
R3, and R5 do not.

S5. Modified Seedex
Under this scheme, each node exchanges two-heplsieh
information as in S4. In each slot, a nadm the ON-TX state

i randomly selects one of its neighboring notleas a poten-
tial receiver, wher&kOH; andk is in the ON-RX state. The

actual transmission is dictated by a probabilitythat is in-
versely proportional to the number of nodesHp that are in

the ON-TX state. Nodes that do not transmit are ifigmtito
the OFF state.

Here nodes that can receive with guaranteed su@sess
given priority while transmitters in the neighbodabof nodes
that may potentially experience collision competethe slot.
Under this scheme, T1, T2, and R1-R4 may occurenRib
does not.

Ill. ENERGY AND DELIVERY CAPACITY ANALYSIS

We compare the message delivery schemes S1-S@rin te
of the following performance metrics: average eyecgn-
sumption, reception success, hop-delivery sucaesgption

selects one of its neighboijs as a potential receiver, where capacity, and delivery capacity.

jOH; and j is in the ON-RX state. The actual transmission

is dictated by a probability that is inversely proportional to

the number of nodes iHj that are in the ON-TX state. For

fairness in the subsequent comparisons, we add soergy
saving strategies: (1) Nodes that do not transtié (o prob-
abilistic backoff) are modified to the OFF stat@) fiodes
modify their states from ON-RX and ON-TX to OFFtliere
are no nodes in the ON-TX or ON-RX state respeltiire a
node’s neighborhood. Here T2, R2, R3, and R4 maguroc
while T1, R1, and R5 do not.

S6. Combination of S4 and S5

This scheme combines features of S4 and S5. Riosies
are modified from ON-RX and ON-TX to OFF if thereeano
nodes in the ON-TX or ON-RX state respectively inaale’s
neighborhood. In each slot, a nod@ the ON-TX state ran-
domly selects one of the nodeto transmit to, wherg OH;, ,

j isin the ON-RX state, andis the only node iH; that is

in the ON-TX state. If no such node exists inH;, then node

By the random state selection process in each 8iet,
number of nodes in each of the states (prior teeaadodify-
ing their states) follows a multinomial distributio

N!

3 ptxx1 prxx2 =Py —Pix j‘s
%

Pr(Np =%, Nk = X2 .Nogg =X3) =
i=1

3
where Zi:lxi =N and Ny, N, and Ny are the number of

nodes in ON-TX, ON-RX, and OFF states respectively.

Theorem 1 For a given network topology and state probabili-
ties p, and p,,, the expected energy consumption in a slot

under message delivery schemes S1-S4 satisfy
Es4 <Ess<Esp=Egy
Proof: The expected number of nodes in the ON-TX, ON-RX,
and OFF states respectively under the various sehane:
Si: PN PrxN and N(L- P = Prx)
Sz PN, kN, and N(@- Px ~ Prx)
S3: ptx(N =U), PV, and N(@- ptx) * Pl — PryV



S4: py(N-u) =€, pv, and N(@L- py) + U — PV +€ , Where

N N ~
U:Zizl(l_ P V=Zi:1h P@-p)" ™, ande>0. The

exact expressions far is difficult to derive analytically since
it depends on two hop neighbor topologies. Howewer note

Nhop—delivery ' Nhop—delivery = min(Ntik (w'),Ner‘ @) is satisfied
for the conditions given. Under scheme S4, eacterindhe
ON-TX state transmits to a neighboring node thaths in-
tended recipient and is guaranteed to receive #lo&gts suc-
cessfully. Hence, each transmission corresponds twop-

that £ represents the expected number of nodes modifyingelivery success. Together,

their states from ON-TX to OFF due to neighboringdes
intelligently modifying their states from ON-RX t@OFF.
There is a finite probability for this to occur amy topology
and for any state probabilities. Hence the expentedber of
nodes in the ON-TX state under S4 is less than rus®e

Since (1~ pr)® >0,0py iy and i py (- po) ™ <1,0py fy, we
obtain pyN > p, (N -u) and pN > p,v, which establishes

the results.
n

Nhop-delivery = Nt§4(¢") s NS<4(W): Oy S4|Nhop—de|ivery is achievec
is established. This implies
NS4 < min(NS @) N @/ ), 0@ Sk|Nhop_de|ivery is achieve: ,
for k=1,2,3,5,€.

[ ]

We now derive an upperbound on the average receptio
success under schemes S1-S4. The Seedex schem#oéS5)
not address multicast or broadcast hop trafficche®b and S6

Under schemes S5 and S6, the expected number efnocfre not included in this analysis.

in the ON-RX states i, (N -w) , wherew= z:\il(l— ) -

One can show thap,,v < p,(N —w) . Hence, given a topology

and state probabilities, S4 has the smallest eegeaimber of
nodes in the ON-RX state. The transmission proliglif a
node under schemes S5 and S6 has long range dep&sle
on the network topology (ie. the probability ofrtsanission of
a node depends on the transmission probabilitiesitof
neighbors, which themselves are dependent onrbajhbors,
etc.); hence analytical expressions for the exjgeastenber of
nodes in the ON-TX state are difficult to derivege for sim-
ple topologies such as a line network.

Now we show that for a particular hop-delivery sgs;
scheme S4 yields the minimum number of transmissibar-
thermore, each transmission is guaranteed to beessitil.
Define ¢ to be anN -tuple of node state§y,,..qy], Where

¢; O[ON-TX, ON-RX, OFF] for nodei in a slot. For a given

network topology, consider the sa,, of all possible3"

Theorem 3 The expected number of reception successes for
schemes S1-S4 in a slot is upperbounded\py=0.37N for
large N, wheree is the familiar transcendental number. We
term this upperbounBeception Capacity Bound.
Proof: Recall that a reception success occurs if a rsuae
cessfully receives some packets (regardless ofhghetr not
the node is the intended recipient of the packadtsrnatively,
the traffic could be directed towards all neighbgrhodes). In
this regard, S1 and S2 are identical. Since sch&&e34 only
turn off nodes opportunistically for energy savintige recep-
tion success is the same as S1 and S2.

For each node with h =|H;| neighbors, the probability

that a reception success occurs in a sldt s, p,(d- py)" .
The expected number of reception successes intassiben

N h_l .
N PxP(@=p)? . It is easy to show that over all to-
i=

pologies, the maximum expected number of recepsioc-

N -tuple of node states. After the application of a messagéesses in a slot occurs for a symmetric topologyh wi

delivery schemesk, wherek=1,...,.6, let Q% represent the
resulting set of all possiblél -tuple of node states, where

Q% m . For eachy' ™ ¥, a particular hop-delivery success

is attained. Let the number of nodes in the ON-UON-RX,
and OFF states bal¥ @), N¥@'), and N @), where

NS @)+ NX @) +NF @) =N.

Theorem 2 For a given hop-delivery success,,,_gdivery » IN
a slot, the number of nodes in the ON-TX and ON-$Rtes,
(NS @) NS @).0UR X |Nngp-qaivery IS achieved, andk
satisfies Nig_gaivery < MIn(Ng* @).NF @) . In particular,
Nhop-delivery = Nix @) < NS @), Dy S4|Nhop—de|ivery is achievec
Proof: Under uni-cast traffic, each node in the ON-TXQM-

RX state can attain at most one hop-delivery siscddsnce,
for a given network topology and a hop-delivery cass

hh=.=hy =-YInl-py) Subject to the constraint
h,...hy OLN- 1]. Over all possible state probabilities, the

maximum expected number of reception successesoaain
Prx =expY N -1) and p, =1-exp-¥ N - 1)). For largeN,
the upperbound holds.

[ ]
The expected number of reception successes refseaben
average data delivery capability of a network, ngkadvan-
tage of the broadcast nature of the wireless cHartsean
example, suppose each node sends heartbeatsniEigtsors
for neighbor discovery and neighbor list mainterario this

N .
case, a total ofy,, = Z 1n successful receptions must take
=

place, which is the sum of all node degrees. Hefurdarge

N and with optimal state probabilities, the numbérsiots
needed to exchange heartbeats among all neighbooithes is
o(h), whereh is the average node degree. As expected,
since this traffic pattern consists of only logansmissions, it
scales well with the size of the network.



Note that the reception capacity bound is remimisad
the throughput of the slotted ALOHA system. Indefwd, a

the number of hop-delivery successes increaseseasagni-
tude of the sets decrease. Under S6, the hop-delstescess

nodei in the ON-RX state, the neighboring nodes competés further improved upon S4 by additional transmissat-

for i’s slot in a similar way as a slotted ALOHA systenith
py dictating the success probability. For large and

Poit =0, each node is in the ON-RX state most of the time

with p, diminishing with N and the average number of

transmission attempts incident on a node in theFD{\state
being approximately 1. As with a slotted ALOHA syst, the
total traffic load incident on each node cannoteextl/e in

the best case. For general topologies, the uppedboun the
total traffic load at each node is typically smatleani/e. [11]

provides a more detailed analysis of the averagritfnput of
multihop networks with regular structure using wdt
ALOHA.

Given a topology, we would like to find the optinsthte

probabilities p,, and p;, that maximize the expected recep-

tion success for schemes S1-S4. Since putting nodése
OFF state cannot improve the reception successpptimal

state probabilities satisfy;, =1- p,,. This yields
E[reception success]z:\ilh P Epy "), which is again to-

pology dependent. For line, Manhattan grid, andntyular
mesh networks, one can show thgt - /3, 1/5, and1/7

respectively for largeN with reception capacity equal to
0.30N, 0.33N and0.34N respectively.

For uni-cast traffic, the average number of hopveey
successes is less than the average number of icecesic-
cesses. Since each node in the ON-TX state selaet®f its
neighbors with uniform probability to transmit the expected

number of hop-delivery successes in a slot undessage
N

delivery scheme S1 isz Prx P @ = P ) 2 ; hj™. The ex-
1= JUH;

pressions for S2-S6 are difficult to derive sinbeyt depend

on one-hop and two-hop neighborhood topologies. shawv

the relationship between average hop-delivery sscand

state probabilities through simulations in Sectién

Theorem 4 For a given network topology and &ah-tuple of

tempts.
[ ]

Corollary: The Delivery Capacity (DC) under the message
delivery schemes satisfy
DCg <DCg, =DCg3 <DCgy <DCgg.

From the above analysis, it can be seen that egamhgn
schedule information attains higher number of hefivery
successes with lower average energy consumptiorpaad
to the purely random scheme. By turning off nodppootu-
nistically, the energy can be further reduced. Wb thop
schedule information is exchanged, the hop-deliargcess
can be further improved while the energy is furtetuced.

The analysis above does not provide an analytioai-c
parison between schemes S4 and S5 which emplodifies-
ent collision avoidance schemes. S4 avoids cofissideter-
ministically by choosing a neighboring node thagusiranteed
to receive the transmission with success. This coagtitute a
small set of nodes but each is guaranteed to eessiul. On
the other hand, S5 avoids collisions probabiliditichy scal-
ing back the transmission probability — more reeeimodes
have a chance to receive but success is not geadhnt
Through simulations, we show that S4 performs béit¢h in
energy and hop-delivery success in all cases stedila
For a given topology and message delivery sch&meve

would like to find min (EIXNI§<+ErXNrSX<) s.t. average hop-

p(xvprx
delivery successy, where y is the desired average hop-
delivery success. By varying, an optimal average energy

and average hop-delivery success tradeoff curvebeaob-
tained. We explore this tradeoff curve through dation.

IV. SIMULATION RESULTS

To better illustrate the tradeoffs between enengyy laop-
delivery success as well as the optimal state (mibtias that
generates the energy and hop-delivery capacitgtf@durve,
we perform simulations on the following topologisgh 100
nodes: 1. A regular line network. 2. A regular sgugrid net-
work. 3. A randomly generated network with nodeacpt
uniformly and randomly in a unit-area square. Tveoles are

node stategy,,..4y ], the hop-delivery success under messaggonnected if their distance is below a threshoid.2.

delivery schemes S1-S4 and S6 satisfy
Nhop,Sl < Nhop,SZ = Nhop ,83< Nhop S 4< Nhop S6

Proof: Under S1, a transmittérrandomly chooses one of the
neighboring nodes in the sef to transmit to. Under S2 and
S3,i randomly chooses one of the neighboring node$en t
ON-RX state (according to the original schedule}ramsmit
to. Let this set be denoted B s, . Under S4; randomly
chooses one of the neighboring nodes in the ON-fad gac-
cording to the modified schedule) to transmit tet this set be
denoted byH;(sy) -

denoted byHi,hop' Since Hi O Hi(SZ): Hi(SSP Hi(SQ Hihop*

For each topology and for each message delivergnseh
S1-S6, the average hop-delivery success and energym-
puted for a range of state probabilities, where aherage is
taken over 1000 slots. For the purpose of simulatice took
E =1.5E,, since the amount of energy expended in transmis-

sion typically exceeds the amount of energy experidere-
ception. All of the subsequent discussions holdhigher en-
ergy ratios.

Fig. 1 shows the optimal average energy and average
delivery success tradeoff curves for the three lagies,

Let the set of hop-delivery success node bévhere the average energy is normalized by the maniren-

ergy attained by all schemes. These tradeoff curaes
achieved by optimally tuning state probabilitigs,, p,x) -
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Clearly, S1 and S2 have much worse energy vs. homverage hop-delivery success. By following the agerhop-

delivery success tradeoffs than the other four sese In par-
ticular, S1 achieves the lowest delivery capadiilipwed by
S2 and S3 (which achieve equal delivery capacigxpgcted),
S5, and S4, while S6 achieves the highest delieapacity.
One would expect that the delivery capacity carintygroved
by exchanging schedule information wikhhop neighbors in
the network, wheré >2; however, the gain diminishes with
k . For very small average hop-delivery successe§&Bave
very similar energy consumptions. In this case W88 one-
hop schedule exchange is sufficient. However asagechop-
delivery successes increase, the average energyumption
differences become more pronounced. The amounh&fyyg
savings of S4 over the other schemes also become pno-
nounced as the average node degree increases.

For randomly generated networks with a constanistra

delivery contour lines, one can find the state philities
(P Prx) @t which the lowest energy contour line crosses.

For all the schemes, the optimal tradeoff curviyjscally
obtained by having a higheg,, than p, . This is intuitive
since E, > E,, and that having more transmitters than receiv-
ers can only cause unnecessary collisions. |deakyaverage
energy consumption and average hop-delivery suamegsur
lines should have the same shape (ie. energy cquigums
proportional to hop-delivery success). Note thatatif the
schemes, S4 best approximates overlap in the amatou

V. DISCUSSION

We note that, with an additional feature of turnmegeiv-
ers off immediately upon detection of unintentionidffic

mission range threshold, the results are fairly independent (assuming each time slot is much longer than the it takes
of the actual topology. As increases, the average node de-to decode the header of a packet), our scheme rsdataeve

gree increases, while the delivery capacity ofrteevork de-
creases. This should be contrasted with the remepapacity
which tends to increase with increase in averagke riegree
as shown in Section lll. Fig. 2 shows the averaghkvery
capacity decreases exponentially with increase for a ran-
domly generated network under scheme S4. The expiahe
decay holds for all other schemes as well. Thisushaot be
taken to imply that the transmission range of avoet should
be as small as possible. As alluded to earlieretig:to-end
throughput of a network depends on the spatialereusl the
amount of pass-through traffic generated by traffiating.
Although it is desirable to achieve high spatialse for a
given routing scheme as we have discussed in #pgrp the
overall problem of improving end-to-end throughjpuid en-
ergy consumption, which involves a joint optimipatiof the
message delivery scheme and routing, has not hiressed
in this paper. This joint optimization is topologyd traffic
dependent and is subject to future research.

As mentioned, the optimal tradeoff curves of Figré ob-
tained by tuning state probabilities. These cuesdifficult
to characterize analytically but are fairly easyctonpute nu-
merically. Fig. 3 shows contour plots of averagergy and
hop-delivery successes superimposed on one arotheach
of the six message delivery schemes for a randgemerated
network. Each average hop-delivery success conlimer
traces the state probability paifg,, p,x) that obtain the same

the near-optimal energy attainable by perfect trassion
scheduling for all average hop-delivery successss than the
hop-delivery capacity of S4. This is a direct canssnce of
Theorem 2 which states that S4 achieves the minimumber
of transmissions needed for a particular hop-defiweiccess.
With the additional feature of turning extraneoeseivers off
and assuming the amount of energy needed to reakdetdder
of a packet is negligible, the following holds:
Nhop—delivery = Nt§4(‘//') = Nrsx4(lf/) ) Dl!@ S4|Nthp—delivay is achiever.
This is a significant result of tremendous pradticalue
since S4 achieves the minimum energy by the simgridom
duty-cycling protocol with very small amount of &lcstate

information exchange compared to optimal schedulifich
requires global state information exchange anddination

celivery capacity per siot

[nN <)
radius

Fig. 2 Average Hop-Delivery vs. Transmission Radinder S4
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in every slot. Hence, S4 with the additional reeeiturn off
feature is an ideal message delivery scheme for $\Sith
low traffic loads (below the delivery capacity o#)S This
additional feature is not conventionally supportsdcom-
modity transceiver hardware.

VI. CONCLUSION

(1

(2]

(3]

We have analyzed six random message delivery scheme

in terms of average energy consumption and trafievery

capabilities for uni-cast and broadcast traffichés been
shown that our proposed scheme S4 incorporatinghtyo
schedule exchange and strategies to opportunigtitain

off nodes outperforms all other schemes in termsvefage
energy consumption. In addition, another propostttme
S6 that combines opportunistic node turn off amghgmis-
sion backoff achieves the highest delivery capaerall,

S4 and S6 outperform schemes proposed in [4] gnidofh

in energy and traffic delivery capabilities. In peular, S4
with an additional feature of turning receivers offon de-
tection of unintentional traffic achieves near-oml energy
consumption approaching that achievable by petfacts-
mission scheduling. Its simplicity in implementaticom-

bined with optimal energy performance makes it deal

message delivery scheme for WSNs with low traffieds.

The views and conclusions contained in this docuraenthose of the authors

and should not be interpreted as representing ffi@ab policies, either ex-
pressed or implied, of the Army Research Laboratoryhe U. S. Govern-
ment.
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