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An Optimization Scheme for Energy Efficient
Ad-hoc Wireless Networks Operating in
Error-prone Channel Conditions

Tsung-Han Lee, Alan Marshall and Bosheng Zhou

Abstract—In this paper, a novel dynamic contention window
control scheme is presented to improve the perfornmce and
energy efficiency of IEEE 802.11-based CSMA/CA DCF
wireless networks operating in ad-hoc mode. The nunds of
competing nodes in physical carrier sense systemasa major
influence on the probability of collisions and a shsequent
impact on DCF performance and on the energy consurde A
new cross-layer approach to alleviating this proble is
developed, which attempts to improve the performare and
energy efficiency by controlling the contention widow size in
the MAC layer according to the number of competingnodes,
and the length of the MPDU (MAC Protocol Data Unit)payload
according to the physical channel condition in théHY layer..

Index Terms—ad-hoc networks, power saving, Wireless
LANS, channel errors

I. INTRODUCTION

parameters to the change in physical channel dondit
However, all the above models have focused on atgithe
performance without consideration of any physidsrnel
contention.

The energy efficiency of DCF is analyzed in [5], by
considering both the collisions and the retransmisscaused
by packet errors. However the effect of packetisiolhs
probability due to the variable number of competiogles in
the carrier sense range is not considered. Inr@][&] the
energy consumption models presented do considexftbet
of transmission errors, but the performance moddbress
the effect of errors in data frames only (i.e. algrg and
control frames are not considered). Previous workthe
authors has described an energy model for thevdasee the
network operates with a variable number of competiodes
under both ideal and error-prone channel conditif8js
According to this energy model, the degradation
throughput, delay, and energy efficiency due togmaission

In the IEEE 802.11 standards [1], the Distribute@rrors can be determined.
Coordination Function (DCF) based on CSMA/CA with One important approach to reducing the energy coadu
binary slotted exponential backoff, is the fundatabaccess in an ad-hoc network is to change the power lewdls

method used to support asynchronous data trahferever,

transmissions to that required to be received bg th

the performance of this protocol deteriorates &ittincrease destination and no more. This is normally perfornasdan

in the number of competing nodes trying to simudtausly

iterative process whereby the transmitted poweellas

send frames over the shared medium. Previous @&alyt adjusted based on feedback from the receiver [9,ID]

models [2,3,4] of the p-persistent mechanism anthri
slotted exponential backoff mechanism for CSMA/Cévé
identified that parameters such as the CWr,m,miimifnum
Contention Window) and the number of competing sode
the carrier sense range, have a major influencethen
protocol's performance. It is impossible to maintdiigh
performance using fixed protocol parameters undférdnt
channel conditions (e.g. traffic loads and bit errate).
Therefore, the ideal CSMA/CA protocol should notyolme
simple and effective, but also dynamically adjuss
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addition to reducing energy consumption, transrmspiower

control can potentially be used to improve theigbetuse of
the wireless channel [11]. However, most power mont
algorithms result in lower throughput [12] becaubey

reduce the power level of transmissions which caubke

transmitted packets to become more sensitive tcsiphly
channel conditions, such as noise or interfererara hidden

nodes. The reduced signal power can then resulisoire

energy consumed due to packet re-transmissions.

In an error-prone channel, packet transmissiorurks
between a pair of wireless nodes may be due t@kligsses
as well as packet collisions. Thus when a recadetects an
erroneous packet, this packet is automatically ctepk
Accordingly, the sender assumes that packet Idscause of
a collision and takes measures to avoid furthdisemh in the
network by doubling its contention window size. Jhs
obviously sub-optimal; the contention window shontit be
simply increased to avoid collisions when packsslis due to
a noisy channel condition.

Therefore, a novel dynamic contention window cadntro
scheme has been developed to optimize the endigigrfy
and performance of IEEE 802.11 DCF wireless netaork
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The proposed scheme uses different factors thattafhe
energy consumption of the 802.11 DCF MAC and PH)éila.
These factors include the selected PHY schemesrtrigsion
rate, payload length of MPDU, channel condition anchber
of competing nodes of wireless medium. In [8], aalgtical
model of the energy consumption in IEEE 802.11-043€F
networks was introduced. In this paper, all thedescused in
this model are employed in a control scheme thaadhcally
varies the contention window and length of MPDU Ipagl
for 802.11-based DCF wireless networks.

The rest of the paper is organized as follows.elction 2

we present the dynamic contention window algorithm

(DCWA) for IEEE-based CSMA/CA under ideal channe
conditions. In section 3, we extend the DCWA tocdisy
wireless environment. Section 4 describes the sitioul
results and energy efficiency comparison betweemMBC
and standard IEEE 802.11. Finally, we concludeptigeer in
section 5.

. DYNAMIC CONTENTIONWINDOW ALGORITHM
(DCWA) FORIEEE802.11-BASEDCSMA/CAUNDER
THE IDEAL CHANNEL CONDITIONS

The proposed scheme (DCWA, Dynamic Contentio
Window algorithm) minimizes the communication energ

k _Nc
Ns

pr,m,curr - (3)

WhereN, is the number of collisions amdl, is the number
of packets sent during thé' update period’. Equation (4)
shows the estimated average collision probability.

k -

_ k-1 _ k
Pr,m,avg - Pr,m,avg =&x Pr.mavg + (1 5) X Pr m,curr

£0[0.1]

(4)

B. Optimal Contention Window Size

| Based on the above analysis, the optimal contention
window is based on the number of competing nodesbea
obtained.

We defineP, ., + as the probability in a slot time at least one
or more transmissions. active nodes contend to access the
medium and each node has transmission probahjlity

F>r,m,tr =1- (1_ Z-m)n (5)

If a transmission is successful, it implies thayame node
is transmitting and no other nodes can transmitditmned
on the fact that at least one station is usingtizanel. During
this slot time, the probability of successful tnaussionP; , s
is:

consumption in 802.11-based DCF systems by contpinin

dynamic contention window control with adaptive MBD
payload length. The main idea of DCWA is to measné

estimate the average collision probability, andrfrihis the

transmitter determines the most energy efficientteation

window size and transmits an optimal MPDU payloaabth

for each data frame based on channel conditions.

A. Average Collision Probability

When you submit your final version, after your papas
been accepted, prepare it in two-column formatlutting
figures and tables.

A method to detect the wireless network trafficdsand
the number of competing nodes is necessary. INEE&E
802.11 MAC protocol with DCF, the assumption isttht
radios are identical, use single channel and ormactional
antennas. Consider a fixed number of n contendodgs.
The collision probabilityP, m coiision iS the probability that in a
time slot at least one of the n-1 remaining nodassmits [8].
This is given by:

1)

From equation (1)zy is the probability that a node
transmits in a slot timen active nodes contend to access th
medium and each node has transmission probahjlity

Tm=1- n—\y]_— F>r,m,avg

WhereP, i, a4iS the average probability of collision for the
selected transmission and PHY schemen. The average
probability of collision is used to estimate thember of
competing nodes in the medium. A regular updat®gdris
used to estimate the current probability of callisi The
instantaneous probability of collisidh m ¢, at thek™ update
periodT is measured as

Pr m,collision = 1-@a- z-m)n_l

()
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— nTm(l_ Tm)n_l — nrm(l_rm)n_l

1-@1-7,)" ©)

rms pr,m,tr
Prm.ide IS the average number of idle time slots for the
selected transmission ratand PHY schemm between two
consecutive busy periods in the cycles. Since &mhedle
timeslot, the probability of packet transmissiorPjs, «, the
Pr m.igle C&N be expressed as:

P

r

)

T, mdl) is the duration of a successful transmission fier t
selected transmission rate PHY schemem and MAC
payload sizé. The probability of a successful transmission is
Prms A collision period for the selected transmissiater,
PHY schemem and MAC payload sizé is T, {l). The
probability that a collision occurs between any bemof
nodes in the system is (Brm 9. Throughput is defined as the
fraction of time that the channel is used to susftdly
transmit payload bits. Therefore, throughpB8t can be
expressed as:

,midle r,ms = r,mtr

[Pr,m,tr (- pr,m,s) Err,m,c(l)

The throughput of DCF can be obtained from equai@)n
by given any number of competing nodes. Figureainstthat
when a small contention window (e @W, m mi=3) is used,
the throughput drops after only a small numberavhpeting
nodes. However, a largeCW, nmin Will improve the
throughput of an individual node in a saturatedvoét when
the number of competing nodes is increased. Figua¢so
shows that a larg&@W, , minWill improve the throughput of an

midie = A= 7)"

F>r,m,s DDr,m,tr e
(O + B s B mr Trms() +J

e

5 ®

r
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individual node in a saturated 802.11 CSMA/CA neatwo
when the number of competing nodes is increaseis Thy

highlights the ineffectiveness of a static cont@mtivindow
size in resolving a variable number of competingewin a
CSMA/CA system.

IEEE 802.11a OFDM / 6Mbps / Basic access method
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Figure 1, Throughput vs. number of competing nagsisg IEEE
802.11a PHY scheme.

-
T T T
4 6 8 10

For a given number of competing nodes, diffe@Af i min
sizes results in different throughput, access delag the
energy consumption. The derivative of equation (&h
respect tor, and imposing it equal to 0, equation (8) i
obtained as follows:

ds _
(n[-1,)"* -niz,, qn-1)
(1_ Z-m)n_z) |:'fl(rm) -n D-m O
1-1,,)" O
dS - ( Z-m) 22(Tm) D] B (10)
dry, f1°(Tm)
Where,

f1(Tm) = O (L= 7)™ + Ty (1) Ty O
A-7)" + T, e (DD

- Q- 1)~y - 7)™

fo(Tr) = =0 ML= 7,)" +

T, ms() [N =27 OL-7,))"2 +

T, me() O, Qn-1) L-7,)"

(11)

From equation (11), (x)""~1. Thus, equation (12) can be
obtained as follows:
n? o, [T,

r,m,c(l) -ntr, oy, =nloy, (12)
Thus, the optimal probability that a node transrnita slot

time m op:Can be obtained as,

Om

T =—m 13
mopt nI:I—r,m,c(l)_am ( )
Finally, the optimal contention window Siz@ m ops
depends on the number of competing nodfes the selected
transmission rate and the PHY schemen, and can be

determined by
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nErr.m‘c(I) “Om

- Jm n-1_
@ nD—r.m‘c(I)_Um) Y
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r,m,opt =

Im
n Err.mx:(l) ~Om

)l‘l*l
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1+

Im

n Err‘m.c(l) ~Om

- Jmi
n(T, .m‘c(l) “Onm

Im
(l_ (2 E(l_ n EI—r,m,c(l) ~On

a-a o
"™
(14)

Equation (14) presents the optimal contention windize

(W, mopd SO that the throughput can approach its maximum
value at a particular number of competing nodess fidsult is
very similar conclusion withCali's research [2] of the
p-persistent CSMA/CA, which proposes dynamicallyirign
the transmission probability during each slot feery node
according to the measured number of competing nodes

Figure 2 shows the effective throughputs of B@WA In
the situation wittn competing nodes in the carrier sense range.
The results show thaDCWA is able to improve the
throughput by eliminating most of the collisiongrfr the
competing nodes. On the other hand, the througloput
CSMA/CA is sensitive to the number of competing emd
SThus the result shows thBICWA can efficiently reduce the
influence of those collisions in the MAC layer.
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Figure 2, Throughput vs. number of competing nadssg
802.11a OFDM PHY scheme for 6 Mbps

Figure 3 shows the results for theergy consumption per
successfully transmitted Payload fot IEEE 802.11a PHY
scheme. The result uses the energy model thag¢septed by
the authors in [8]. As can be observB@WAhas much lower
energy consumption than standard IEEE 802.11 as the
number of competing nodes increases.
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Figure 3, Energy consumption per bit vs. numberanfipeting
nodes using 802.11a OFDM PHY scheme for 6 Mbps
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. ENHANCING THEDCWA IN A NOISY WIRELESS
ENVIRONMENT

The results also show that a trade-off exists betwa
desire to reduce the MAC/PHY overhead by adoptangdr

The DCWA optimizes the contention window size in thePacket sizes, and the need to reduce packet etes in

MAC layer based on the number of competing nodes.

However this procedure is not efficient when thanfe
losses are due to a noisy channel condition inpthesical
layer (PHY). In this situation it is important tdudy the
CSMA/CA behaviour in a noisy channel and compasseh
results to an ideal channel.

Basically, the frame error rate (FER) is determibgdhe
packet length and the bit error rate (BER), whihelated to
the received signal-to-noise ratio (SNR), the gefbc
modulation and coding scheme. Here, the BER (denioye

error-prone environments by using smaller lengthkpts.
There is an optimal packet size that maximizestreughput

in different channel conditions (e.g., BER). For ideal
channel, throughput increases with increasing pdeketh.
The optimal MPDU payload length Mopt can be obtdine
through the analytical model given in [11]. Theulesshown
that, when MPDU payload lengttM<M,y, excessive
PHY/MAC overhead in each packet limits the throughp
Otherwise, wheM>M,,;, packet errors limit the throughput
(e.9.,Mo,=600 bytes, when BER = T

BERmpeo) Can be obtained from a Physical Layer A shorter MPDU payload length is preferred for dgh

Convergence Procedure (PLCP) Protocol Data UniD(®P
packet that is sent in transmission natBHY schemen. The
FER FER mpeou) [13] is then determined by:

_ N
FER mppou —1_(1_ BER,m,PPDU) PreY 16)

Where, Npppy is the total number of bits in the receive

PPDU packet.
In Figures 4 and 5, the results show the impafrbofe size

error-prone channels. Therefore, D& CAuses an optimal
MPDU payload length at the MAC layer according he t
physical channel conditions. Figure 6 shows how the
proposed MPDU lengthM,) varies with the channel BER.
With this approach throughput can reach the maxirahle

4or any given channel condition.

2304
2200
—=— |EEE 802.11a OFDM / 6 Mbps

2000 4 |EEE 802.11g OFDM / 6 Mbps

<«®

on the throughput and energy consumption per k3ol v IEEE 802.11b DSSS / 1 Mbps

respectively for various channel conditions. As nizsy
expected, the results show that a larger framersgdts in a
higher throughput when the channel condition isr néeal,
which means a large frame size can significantigrowe the
data throughput under a good channel condition. édew
when the channel is in a bad condition (e.g., BER), large
frame size degrades the throughput.
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Figure 4, Throughput vs. MPDU payload length usi6g.11a
OFDM PHY scheme for 6 Mbps in different BER values.
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IV. SIMULATION RESULTS ANDDISCUSSION

In this section, simulation results are presentedtiie
channel throughput, access delay and energy congump
between the standard IEEE 802.11-based and 803ihd u
DCWA enhance mechanism in both ideal and errorgron
channel conditions. A simulation environment wagalieped
using the Qualnet developing library [14].

6 Standard IEEE 802.11a / OFDM / 6Mbps
5} il = Ideal channel o BER=1E-6
- 4 BER=5E-6 v BER=1E5
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(=g
3
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Figure 7, Throughput vs. number of competing nd@ég.11a /
6 Mbps in different BER values).

Figure 7 compares the effective throughpub@WAwith
the standard IEEE 802.11-based DCF when physiadre
conditions are varied. From these results, theutijinput of
DCWA shows a little decrease as the number of competing
nodes increase and it is always higher than thidteo$tandard
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DCF in both ideal and error-prone channel cond#tidror
instance DCWA can improve the throughput of the standargh
DCF by 83.3% under an ideal channel and by up 34
under BER=1E-4 channel condition with up to 30 cetiy
nodes.

Figure 8 shows the effective energy conservatiothef
DCWA.In the situation witth competing nodes in both ideal [3!
and error-prone channel conditions. The resultsvstiat
DCWA has lower energy consumption per bit than standay4
IEEE 802.11 as the number of competing nodes iseem
each of the three PHY schemes. The results alse tia the
energy consumption @CWAIs always directly proportional 5]
to the number of competing nodes.

(2]

Standard IEEE 802.11a / OFDM / 6Mbps

= 020 = Ideal channel BER = 1E-6 [6]
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5] 1 ¢ e
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Figure 8, Energy consumption per bit vs. numberanfipeting
nodes (802.11a / 6 Mbps in different BER values).
[10]

An interesting observation from these results & the
proposedDCWA is not only able to eliminate most of the
collisions from the channel competition in the MA&yer
(Figures 2 and 3), but also reduces the FER bygush[\ll]
controllable MPDU payload length which based ongitsl
channel conditions in PHY layer (Figure 7 and 8). [12]

V. CONCLUSIONS [13]
In this paper, we presented a control scheme for
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payload length in ad-hoc wireless networks for hd#al and
error-prone channel conditions. The scheme is dey®s in
nature and operates in the MAC and PHY layers.stheme
attempts to optimize the number of nodes compétiripe
MAC layer, as well as the MPDU payload length oé th
transmitted frame according to the PHY layer channe
condition. .

The simulation results show that the proposed seheam
not only achieve a higher throughput than the stechdéEEE
802.11 DCF, but it can also improve the energyciefficy of
packet transmission under a dynamically varying Ipemnof
competing nodes in both ideal and error-prone cblann
conditions. This paper describes research thafkea in the
PHY and MAC layers. In principle these algorithnen de
implemented as modifications to all 802.11a/b/g PHY
schemes though a dynamic contention window control
mechanism. An interesting area of future reseaitihbe to
extend the cross-layer approach to provide fulth&C/PHY
parameters for multi-hop wireless routing inforroatsuch as
AODV and DSR to optimize multi-hop routing protocol
capacity.
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