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Abstract

An opportunistic large array (OLA) is a group ofirgile,
inexpensive relays or forwarding nodes that operaithout
any mutual coordination, but naturally fire togethén
response to energy received from a single sourcanother
OLA. Therefore, OLAs do a simple form of coopeeativ
transmission. The Opportunistic Large Array Condent
Routing Algorithm (OLACRA) is an energy efficiepstnieam
routing algorithm that has been proposed for OL/Asdxh
networks and has been shown to save over 70 peofghe
energy in comparison to whole network OLA floodiogthe
non-faded channel. This paper analyzes the perfoomaof
OLACRA over the Rayleigh flat-fading channel. Distted
delay diversity using direct sequence spread spet{{DSSS)
waveforms is proposed to obtain diversity in subanmels.
Each node in an OLA chooses its transmission tanmelomly
from a limited set of choices, thereby creatingnaited set of
orthogonal channels, which are then combined wihkKR
receivers. Performance comparison is made with agtimal
non-faded channels. Simulations results demonstratethe
performance of OLACRA over the flat-fading channel
approaches the performance of the deterministimaleafor a
diversity order of 4.

1. Introduction

Channel degradation due to signal fading arising
from multipath is a critical performance bottlenéokwireless
ad hoc networks. Diversity techniques are genersed to
combat the detrimental effects of channel fadidgnew kind
of diversity called cooperative diversity [4] hasem proposed
that enables single antenna nodes in a multi-nadigcanment
to share their resources and generate a virtuay dnat allows
them to achieve diversity. Energy efficient coopies
diversity protocols were introduced in [4,5] to dmah the
effects of channel impairment caused by multipatirfg.
These aforementioned schemes assume orthogonahathan
allocations.

The authors gratefully acknowledge the supportli@ research from the
Georgia Tech Broadband Institute (GTBI) and the idf&l Science
Foundation under grant # CNS-0721296.

Lately, a particularly simple and energy-efficiéotm of
cooperative transmission, the opportunistic langaya(OLA),
has been proposed for broadcasting in WSNs [1]JORA is a
large group of simple, inexpensive relays or fodimg nodes
operate without mutual coordination, and transmé& same
message at approximately the same time [6]. Intaddio
providing resistance to fading, OLAs have been shtwsave
over 20 percent of the energy in comparison witksting
multihop broadcast schemes [2]. If the OLA nodesigmit
the same message at exactly the same time in the sa
channel, then the OLA provides only array gainuma ®f the
average powers), but no diversity gain (a reduditiotihe fade
margin). Since diversity gain can enable transnitver
reductions of 15 dB and higher, ensuring divergain is
critical to the energy efficiency of OLAs.

In fading channels, an OLA can provide spatial diitg
if the waveforms transmitted by the different nodesthe
OLA are orthogonal and the receivers can receivehose
orthogonal dimensions and do diversity combininglhe
authors in [6] considered the case when all nodes’
transmissions were orthogonal to each other andett&ivers
could separate all transmissions and do optimakrdity
combining.

Delay dithering schemes to orthogonalize transioissi
were proposed in [7,8]. Wei et al. considered raitéd
orthogonal scheme in [8], where every relay nodeyseits
transmission by a random ‘artificial delay’ seletttom a
pool of artificial delays {0,T,2T,...}. This schememverts the
channel into m orthogonal channels which can bebiosad at
the receiver. m<n where n is the total number afigmitting
nodes. Another work was done in [9] where space-thodes
were used to orthogonalize channels of nodes in ®aged
networks.

The authors in [6] also considered a case whenoalés
transmitted on the same channeorg-orthogonal) Although
most authors make node transmissions orthogoniahpicove
performance, authors in [6] showed thabn-orthogonal
transmissions outperformed theorthogonal case. This is
because in a dense node deployment, although tielpitity
of having a good fading realization is very smadliere is
always a fraction of nodes that experience themtlagg boost
the overall performance of the system.

In this paper, we investigate the performance of
OLACRA over Rayleigh flat fading channels. OLACR# an
energy efficient upstream routing protocol that Haeen
proposed for Wireless Sensor Networks that use ©aged



transmission. OLACRA was proposed in [8] for detigistic
channels where nodes transmit in non-faded orthalgon
channels. In this paper we extend OLACRA to fadimon-
orthogonal channels. In order to get diversitytet teceiver
we extend the scheme proposed in [8] to OLACRA. The
relays transmit direct sequence spread spectrumSHPS

waveforms in a flat-fading environment. We ensurd’ -
order diversity gain by having each relay chooseatiom its
transmission time from a time windowM chips long.
Therefore, for a large enough node density andreasiing
code that has good autocorrelation properties lfidean
impulse autocorrelation function), this strategyplies that a
RAKE receiver withm fingers will achieve approximately
equal average power per finger and therefore, wiiximal

ratio combining of the fingers, achieve fuh™ order diversity
gain.

2. Description of OLACRA

We consider a network where half-duplex nodes are
assumed to be distributed uniformly and randomlgros
continuous area with average density All antennas are
assumed to be omni-directional. We assume a node ca
“decode and forward” (D&F) a message without emdren
its received signal-to-noise ratio (SNR) at thepowtof the
RAKE combiner is greater than or equal to a modutat

dependent thresholq,. In the downlink, the sink transmits

with waveform W1 with power P, “Downstream Level

sink *
1” or DL* nodes are those that can D&F the sink transmitted
message. Only the nodes DL whose received power is less

than the “transmission threshold, , form DL} and relay

the message using a different wavefdf .
The £, condition ensures that only nodes near the

boundary relay the transmission, thereby savingggnerhe
relationship between the two SNR thresholds is iy

t,-t,=e."OLA-T, or the OLA algorithm that uses the

t, condition, has been analyzed previously for the-fagied
channel in [10]. Whes ® ¥ , OLA-T becomes the OLA
flooding approach in [6].

TheDLI nodes transmit a waveform, denotéd, that

carries the original message, but the waveform ban
distinguished from the source transmission, forngpa, by
using a different preamble or spreading code. dHfsrence
enables nodes that can decode e waveform and which
have not relayed this message before to know tiat are
members of a new decoding levBL>. ADL? node with
received SNR less thah, forms DL, and relays using a

different waveformW; This continues until each node is

indexed with a particular level.
For upstream communication, a source node in

DL" * transmits using\,. Any node that can D&F A/, will

repeat atW,., if it is identified with DL™' and has not
repeated the message before. For a given medsagesure
that OLA propagation goes upstream or downstream as
desired, but not both, a preamble bit is requivid.shall refer

to the n upstream OLA adJL", where UL" contains the
source transmitter.

3. Signal Models for Fading Channels

The signal model is explained in the context of@HeA-
T downstream communication [3]. The spreading coales

assumed to be ideal. The Sink poweHs the relay transmit
power is denoted ab, , and the relay transmit power per unit

area is denotedsr =rP . For a fixed ﬁ there exists a

maximum threshold value such that the relayed sigilbe
propagated in a sustained manner by concentric Q&JAs
Let the Sink start its transmission at t=0 by traiténg

WL. Let the time at the which a nodereceives the source
transmission bd| , where

t4S™ =d(l,Sink/c
where Cis the velocity of light andd(a,b)is the distance

between nodea and b.

Following [6], the average power received by ndde
n

— d )
ﬁlz P m d0<d(|,S|nk),
P otherwise

o
where N is the path loss exponent al’E_Q is power received

at a reference distancdl is chosen to be 2 in this work. We
use normalized variables in our simulation. Wedistance be
normalized by the reference distance, and power be
normalized by the path gain at the reference distan
Therefore, the average received power model becomes

P
— —S — 1<d(l,Sin
R'= d(,Sink? (. Sink
P otherwise

S
where P' and d(l,Sink) are now considered normalized

guantities.

Every node has a RAKE receiver withnfingers.
However for the Sink transmission, the received growill be
concentrated in the first finger. To model the Ragh fading,

the received power,PrI at node | is an exponentially
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Figure 1. Effect higher order diversity on (a) FES, anyl (b
probability of reaching the sink.

distributed random variable with mean equaﬁé :

A node | joins DL' if P' >¢, where t, is the
decoding threshold. Now as described in Sectiolh iBodes in
DLlT would repeat the message using a different warefor
W 2. The transmit times of these nodes in modeled as

0=t 4T wnere T =T,

T, is the chip time of the DSSS signal transmittedd an

jT {012,..m-1}, where m is the numbers of RAKE

fingers at the receiver. This intentional delasheling is
done to create diversity as explained in Sectidn 3.

Our idealized model for the power received by a FEAK
finger is explained as follows. Consider a hypdta¢tode H
that receives transmissions from all the node@llﬂ\r. The

time when H receives the transmission from a node
P1 DL} is given as
t(HP) =P 4 d(H,P)
r t C
whered(H, P) is the distance between nodesand P .

Let 5,'1 be theaveragepower received at th&™ RAKE

finger of nodeH . We make the ideal assumption tﬁéﬂ is

the sum of average powers of all the signals thateaat H
within the k™ “delay bin,” which means that their arrival

times t,(H,:)are such that(k- )T £t ,(H,:) £KT,.
Then Per which denotes the faded power received at the

k™ RAKE finger of nodeH , is modeled as an exponential
random variable with meaﬁri :

Furthermore, we assume a flat-fading channel, which
means that without the intentional delay ditheringj)
transmissions from a single OLA will fall into onkelay bin.
This assumption is consistent with MICAZ motes ilingited
indoor environment. MICAZ’s chip width is 500n3.ypical
indoor delay spreads are less than 100ns and aalsign
propagates 150 m in 500 ns. So a network dianhegsrthan
100 m will support this assumption.

Assuming maximal ratio combining, the total reegiv

power, P" at H from the transmissions of all nodesiH_:
is the sum of the powers of the RAKE fingers.

k=1
If P 3 ¢, the node joinsDL*. This is continued till

all nodes are indexed with a particular downlinkele
The signal model for the deterministic case is shme

exceptP" is replaced byP." .

The Fraction of Energy Saved (FES) is a perforraanc
metric used to analyze the energy efficiency of G over
a full network flood using OLA, which is the stabé the art
for OLA transmission if geographical location ist exploited.
Since in a full OLA flood, every node transmits en&ES is
defined as



Numberof nodeghatdonotrelay
Total numberof node:

FES=

Even though the probability of outage due to multi
path can be reduced by exploiting diversity throwgiay
dithering, low source power is a critical bottleketor
upstream connectivity in OLA networks. Since amge can
be a source node, the upstream source transmissiold be
at a relatively low power. Because of this thereaichance
that there might not be enough nodes in its vigiaitd OLA
transmissions would never kick off. We call throlglem the
‘initial bottleneck’.

We do a little analysis of this initial bottlenedlet A
be the event that there are no nodes within thedieg range
of the source, and I& be the event that the message fails to

get to the sink. ThenAl B and P(A) £ P(B). It is

straightforward to calculat@(A). We will show these two
probabilities in the next section.

4. Simulation and Results

Monte Carlo simulations with 400 trials were
conducted to test the OLACRA algorithm. Each tiiad
nodes uniformly and randomly distributed in a ciacdield of
radius 17 with the Sink located at the center.

The downstream levels were established using OLA-

T with source power £3, relay power P=1 and = 3. For

upstream routing using OLACRA, the source node was
located at a radius 13 with B 2. A relay power of 1 was used
for the upstream levels. For all the results irs théction, the
decoding threshold was 1. Each node randomly ssleitte
transmission time from a time windo chips long.

Fig 1 (a) compares the FES under OLACRA under
the deterministicchannel model andandom channel model,
for different values of epsilon, while Fig 1 (b)osts the
probability that the message is successfully dedoalethe
Sink, also versus epsilon. In each trial, therfgdiesults for
diversity orders 3 and 4 are compared to the détéstic
case. We observe that for m=3 (third order divgyiES is
0.61 ate =1 , whereas the FES for the deterministic case for
the same value of¢ is 0.68. Similarly the probability of
message delivery at the Sink is only 0.71 for theS8rnase at

€ =1, whereas the probability of success for the
deterministic case is much higher at 0.835 fordame €.

Also even for a high value of =2, the probability of
success is only 0.83 for m=3. But when the divemiter is 4
(m=4), the performance characteristics of the fadithannel
gets closer to the deterministic case. For m=4tbeability is

about 0.94 for an epsilon of 2, when the detertilmase has

a probability of 0.96. It should also be noted tted FES
performance of m=4 case is not very different frdra m=3
case, meaning that the higher probability of messageption
obtained by having an additional rake finger is abthe cost
of energy. Fig. @aptures the variation of the probability
that the message is not decoded by the Sink veésusr
different values of m (diversity order). The curve labeled
‘initial bottleneck’ shows the probability that tlee are no
nodes in the first level in Ut At m=1, which corresponds to
the ‘no diversity case’, we observe that the prdhgbof

failure is 1 forr <12, Even at a much higher

density,/ = 2, the probability of failure drops only to 0.58.

That it drops with increasing density is consisteith the
claim in [6] regarding non-orthogonal transmissidAswever
whenm=2, the probability of failure tends to zero at @de
density of 2.2.  Whem=3, probability of failure drops to
0.01 at a node density of 1.1. It should be obskthat the
m=3 and ‘initial bottleneck’ lines are very close fo 3 1.1,

implying that atm=3, the probability of failure is dominated
by the probability that there are no nodes in tinst fevel
(‘initial bottleneck’) since the probability of cage due to
fading tends to zero.

Fig. 3shows the power delay profile of a node located
in UL® at a radius of 7m was chosen to be 3. The three
vertical lines correspond to the power receivedaah of the
RAKE fingers. It was observed that the total reedipower
at each of the RAKE fingers converged to abouth2reby
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giving full ‘third order diversity’. Thus it can biaferred that
by intentionally delaying the source transmissiams can
orthogonalize the channel intmn orthogonal flat fading
channels with approximate equal power.

5. Conclusion

OLACRA is a simple routing scheme requires no
centralized control and no knowledge of geographazation
by the nodes. This paper has shown that OLACRAveairk
on flat fading channels when spread spectrum wanefare
used with sufficient dithering of the relay timesdreate delay
diversity. At higher diversity orders the performanon such
channels is shown to approach that of the ‘detéstiin
channel’ where transmissions are on orthogonal fadae
channels. In future work, we will explore the beloawf these
networks when non-ideal spreading codes are usddf@n
other network topologies.

F;cgwer Delay Profile for a uL® node in‘OLACRA
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