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ABSTRACT

In multihop wireless networks, packets of a flow originateahf
a source node are relayed by intermediate nodes (relay hadés
travel towards the destination along a multihop wirelesh.p&ince
the traffic forwarding capability of each node varies acoaydo its
level of contention, a node should not transmit excessickqgia to
its relay node if the corresponding relay node cannot fottiaem.
Instead, the node should yield its channel access opptyrtimits
neighbor nodes so that all the nodes can evenly share theahan
and have similar forwarding capabilities. In this mannerdes
can utilize the wireless channel effectively, and furtimerease the
end-to-end throughput of a multihop path.

We propose a fully distributed contention window adaptatieech-
anism, which adjusts the channel access probability depegroh
the difference between the incoming traffic and the outgtiaffic

at each node, in order to equate the traffic forwarding céiabi
among all the nodes in the path. If the incoming rate of a node
is larger/smaller than its outgoing rate, the forwardingadality
of that node should be increased/decreased so as to matchtthe
going rate with the incoming rate. In the proposed mechaném
node is granted to increase/decrease its channel accdsabjro
ity if its traffic forwarding capability is worse/better thahose of
competing neighbor nodes. We give a convergence analy#iie of
proposed scheme as well as its steady-state performanoeugrh
simulation, we show that the end-to-end throughput of rhafii
wireless path can be improved by 20—40% under variety of ortw
topologies and traffic patterns.

Categories and Subject Descriptors
C.2.1 COMPUTER-COMMUNICATION NETWORKS ]: Net-
work Architecture and Design¥ireless communication
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1. INTRODUCTION

Multihop wireless networks have received considerabkngitin in
recent years, primarily because of their wide civilian arititany
applications, and their capability of building networksthaut a
pre-existing infrastructure. Multihop wireless netwodansist of
a number of either stationary or mobile wireless nodes, ivbéve
as relays forwarding traffic from other nodes (as well asrtoein
traffic) and maintain network wide connectivity. In othernas,
in multihop wireless networks packets of a flow originatezhira
source node are relayed by intermediate nodes (relay nades)
travel towards the destination along a multihop wirelegh.pén
this manner, any pairs of nodes in multihop wireless netadn
exchange their packets over multihop wireless paths.

One of the critical performance metrics in multihop wirale®t-
works is the network throughput. It highly depends on theeach
able channel capacity at each individual wireless link dedi¢vel
of spatial reuse. To improve the overall network capacitynisn-
tihop wireless networks, extensive studies have beenechait.
(We will give a detailed summary of related work in Sectioh 3.
Several PHY/MAC attributes in multihop wireless networks e
used in order to control channel access, reduce interfeyeand
improve network throughput, among which the transmit power
carrier sense threshold, and the channel access propdimie
been the main research topics. The transmit power and the car
rier sense threshold are key parameters for exploitingapatise
and for improving the network capacity of wireless networkke
channel access probability is another crucial parametarditer-
mines the level of contention among nodes in wireless négsvor
In particular, assigning an appropriate value for the ckhancess
probability is an effective technique to mitigate MAC-léw®n-
tention and interference and improve the throughput of imaybt
wireless networks.

In this paper, we consider the issue of improving the endrit-
throughput performance of IEEE 802.11 DCF-operated muyitih
wireless networks. The basic access method of IEEE 802.1A DC
is carrier sense multiple access with collision avoida@&\JA/CA).
Furthermore, to resolve contention among competing naithes,
binary exponential back-off (BEB) algorithm is adopted EEE
802.11 DCF. A node that intends to transmit first senses tha-ch
nel and defers its transmission while the channel is senasg b



When the channel is sensed idle for a specific time interadled
distributed inter-frame space (DIFS)he sender chooses a ran-
dom back-off timer, which is uniformly distributed [, CW — 1]
where CW is the contention window size. CW is initially set to
its minimum value CW,;n, and is doubled up to its maximum
value CW,,.x after each transmission collision. The back-off timer
is decreased by one if the channel is sensed idle for onegalysi
slot time, suspended if the channel is sensed busy, andvatadt
after the channel is sensed idle again for a DIFS. The nods-tra
mits its frame when the back-off timer becomes zero. Afterdata
frame is received without errors, the receiver sends anaadkag-
ment frame to the sender after a specified interval, calledhbrt
inter-frame space (SIFS}hat is less than DIFS. If an acknowl-
edgment frame is not received, the data frame is presumed to b
lost, and a retransmission is scheduled. Retransmissanihé

rate of 5 Mb/s to the destination node through intermediatien.
In Fig. 1, adjacent nodes are within the transmission rafigach
other, and the carrier sense range is approximately twicteof
transmission range. Nodes within a carrier sense range etemp
for the same channel and interfere with one another. In Fithel
source node competes with two nodes andn.), while n; com-
petes with three nodesdurce, ne, andns). Thus, the channel
access probability for the source node will be approxinyal¢8
while that forn; andn. will be 1/4 and 1/5, respectively. Since the
number of competing neighbor nodes determines the trasgmis
attempt rate, each node will have different forwarding téfis
depending on its deployment.

It is obvious that the traffic forwarding capabilities are tiee same
for nodes along a multihop path in the chain topology given in

same data frame can be made up to a pre-determined retry limit Fig. 1, due to the fact that each node has a different number of

L, times. Beyond this limit, the pending frame will be dropped
The CW value is reset to CM{,, when a frame has been success-
fully transmitted. Note that it has been shown in previouslists,
e.g, [5], that the channel access probability is a functibC\?/,

competing nodes. One may think that there exists an optihaai-c
nel access probability (or equivalently, an optimal valti€ W/ min)
that gives the maximal throughput of the multihop path. Feg(a)
shows the throughput performance when GW= 16, 32, and

i.e.,2/(CW + 1) in an average sense, and thus we can control the 64. Note that each node has a fixed value of GWwhich is the

channel access probability of each node via tuning the C\ieval

In the context of IEEE 802.11 DCF-operated multihop wirgles
networks, we devise a contention window adaptation schéae t
effectively adjusts the minimum CW siz€/W,,,;,, of the BEB
mechanism in a distributed manner. In particular, we carside
following two major issues: (i) how doesW,,;,, affect the end-
to-end throughput of a multihop wireless path? (i) if it istn
sufficient for all the nodes on a multihop wireless path to aise
optimal but fixedCW,,.,, value, how does each node adaptively
and independently adjust itSW,,;, value? To address the first
issue, we first verify via simulation in Section 2 that the B&go-
rithm with a fixed value ofC'W.,,.;, is not sufficient to improve the
end-to-end throughput of a multihop path. In order to resdhis
issue and further improve the network throughput, we prepms
fully-distributed contention window adaptation schemee@fied
in a set of iterative updating rules, the proposed schemgtiadly
controls CW,in by considering the level of traffic forwarding ra-
tio. If the current ratio of incoming packets to outgoing kets is
above/below than a pre-determined forwarding capabilitiii¢h
we set to between 0 and 1) in a given interval, the GVWalue
will be set to a larger/smaller value in order to decreasedimse
the channel access probability. We provide a convergenaly-an
sis of the proposed algorithm and evaluate its steady-ptater-
mance. Moreover, through simulation, we show that the engihtd
throughput of a multihop wireless path can be improved bylP@-
under a wide variety of network topologies and traffic paiser

The rest of the paper is organized as follows: In Section 2 we
motivate our proposed work by evaluating the throughpufoper
mance of a multihop wireless path. In Section 3, we provide a
summary of related work in literature. In Section 4, we psmpa
contention window adaptation algorithm for maximizing #wed-
to-end throughput in multihop wireless networks. This isrtliol-
lowed by a simulation study in Section 5. Finally, we conelule
paper in Section 6.

2. MOTIVATION

To investigate how the contention among nodes affects ta@n
end throughput of a multihop wireless path, we perform satioh

for a chain topology with 7 nodes operating in the IEEE 802.11
DCF mode (Fig. 1), where only the source node sends packats at

same for all the nodes, in the first transmission attempt,thed

the CW value is adapted in compliance with the BEB mechanism.
Thez-axis in Fig. 2 is the hop-count from the source, and thus the
throughput at the last node (i.e., hop-count = 6) correspomdhe
end-to-end throughput of the overall path. Several impbaser-
vations can be made from Fig. 2(a):

e The throughput at the first hop is high, but rapidly decreases
at the next hop under all the cases. For example, the through-
put is reduced by half for CW:, = 16. This throughput be-
havior implies that the first relay node() fails to forward
all the packets received frogvurce to the next noder(z),
resulting in dropping a large amount of packets.

e The smallest CW;, does not give the highest end-to-end
throughput even though it can achieve the highest through-
put at the first hop. If one of the nodes within the same car-
rier sense range accesses the wireless medium aggressively
other nodes have a lesser chance to access the channel. Thus,
if the sender grasps the channel more often than the first rela
node (1), the throughput ofi; will further degrade. Conse-
quently, the case for CW,, = 16 gives the lowest end-to-
end throughput with the highest throughput of the first hop.

e Starting from the third hop, the throughput of relayed traf-
fic at each node does not decrease and is approximately the
same as the end-to-end throughput because the data rate is
sufficiently reduced at the precedent nodes, and thus the con
tention among nodes are not severe.

Based on the above observations, we conclude that if nodasawi
different traffic forwarding capability contend with eadther with
the same CWiin value, the node with the largest forwarding capa-
bility may grasp the wireless medium aggressively and exaiyt
causes the decrease in the end-to-end throughput of théhopult
path. Consequently, the BEB mechanism with fixed parameters
does not resolve thatra-flow interferencgroblem (i.e., the inter-
ference among packets of a connection that is routed on the sa
multihop path). Thus, we need to differentiate the channeéss
probability of each node by adjusting the CW size dependimg o
the traffic forwarding capability.
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Figure 1: A multihop wireless path consisting of a source nod, a destination node, and five relay nodes.
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Figure 2: Throughput performance of a 6-hop wireless path fo a fixed, single CWnin, and an adaptively selected CWin. (The

throughput at the last hop-count is the end-to-end throughpit of the

Fig. 2(b) shows the throughput result when the GWvalue of
each node is adjusted (by our proposed algorithm in Sec)iott 4

is noticeable that the throughput achieved under the G\Vidapta-
tion scheme does not vary with respect to the hop-count. réhigt
implies that none of the relay nodes forwards excessiveqiatk

its corresponding receiver. In comparison with the fixed .G\W
case, the CW;, adaptation scheme only renders a lower through-
put at the first hop. The throughput at all the other hops a$ wel
as the end-to-end throughput is higher with the use of the,GW
adaptation scheme. In summary, by differentiating the exutiin
window size at each node, all the other nodes except theesauec
able to increase the traffic forwarding capability, whichuis in a
significant increase in the end-to-end throughput.

As shown in the above example in Fig. 2, in order to improve the
throughput of multihop wireless networks, we have to cossiie
following issues: (i) how to estimate the traffic forwardingpa-
bility at each node; (ii) how to differentiate the contentiwindow
size depending on the traffic forwarding capability; ani) Kiow to
increase the end-to-end throughput by regulating the ginput of
traffic relayed at each hop in a distributed and scalable eraie

will deal with these issues in detail and propose a fullyribsted,
adaptive algorithm for controlling the contention windoizesin

the next section.

3. RELATED WORK

Spatial reuse in wireless networks increases the overalank
capacity by allowing concurrent transmissions that aréalpafar
enough not to interfere with each other. There exist abundan
search results on how to exploit spatial reuse for improtfiegoer-
formance of wireless networks. We categorize these reesatrch
efforts into the following three topics: tuning of the BacK-Pa-
rameters, transmit power control, and adjustment of aasease
thresholds.

multihop wireless path.)

3.1 Tuning of the Back-off Parameters

In IEEE 802.11 DCF, the back-off parameters such as.&vénd
CWhax are fixed, which is insufficient to guarantee a satisfactory
performance under various network scenarios such asetitfeet-
work densities, different network topologies, and/or efiént net-
work loads. To analyze the impact of the back-off parameters
network performance, Bianchi proposed a model for the tmdfck-
process by a two-dimensional Markov chain [3]. Using thislelp

it was shown that the number of stations and the minimum CW
size have significant impacts on the overall performancee&H
802.11 DCF. Accordingly, extensive studies on improvintwoek
capacity by adapting back-off parameters have been caotied
[4-6, 16]. Caliet al. [5] proposed a distributed algorithm called
|IEEE 802.11+, which enables each node to estimate the nuohber
contending nodes at any given time. They also derived ary@anal
ical model which gives a theoretical maximum bound on the net
work capacity. Bianchi and Tinnirello [4] showed that thenher

of competing stations can be expressed as a function of flie co
sion probability on the channel. Then, they proposed amebete
Kalman filer with a change detection mechanism in order tb est
mate the number of competing stations. Kvetral. [6] proposed a
fast collision recovery (FCRyrotocol, which is a contention-based
protocol that redistributes the back-off timer among athpeting
stations with an objective of reducing the idle back-offéim

3.2 Transmit Power Control

The issue of power control has been extensively studieceicon-
text of topology maintenance, where the objective is togmesa
graph-theoretic network connectivity, to reduce powersconmp-
tion, and mitigate MAC-level interference [7, 8, 12—14]. weo
control for the purpose of increasing spatial reuse and orétw
capacity has been treated in the PCMA protocol [9], the PCDC
protocol [10], and the POWMAC protocol [11]. In [9], Monlkt

al. proposed PCMA, in which the receiver announces its interfer



ence margin that it can tolerate on an out-of-band chanriettam
transmitter selects its transmit power that does not affegtongo-
ing transmissions. Mugattash and Krunz also proposed PCIAC a
POWMAC in [10, 11] respectively. The PCDC protocol constsuc

the network topology by overhearing RTS/CTS packets, ard th

calculated interference margin is announced over an cbaoél

channel. On the other hand, the POWMAC protocol uses a single

channel for exchanging information on the interferencegimar

3.3 Carrier Sense Threshold Adjustment

The carrier sense threshold is also a key parameter fomdigiieg
the level of spatial reuse. The impact of the carrier sensskiold
on the network capacity has been studied in [15, 17-21]. &hu
al. [21] determined an optimal carrier sense threshold valuelwh
maximizes spatial reuse for several regular topologiesseBan
the SINR (signal to interference plus noise ratio) requiedus-
tain a predetermined transmission rate, 2hal. proposed in [20]
a dynamic algorithm that adjusts the carrier sense thrdshadr-
der to set the SINR of each transmission to a given level. Vata
al. [15] proposed an algorithm, callethosto dynamically adjust
the carrier sense threshold in order to allow more flows texist
in 802.11-based hotspot wireless networks. Yang and Vdifh [
considered several factors such as MAC overhead, transmiss
rate, and network density in selecting optimal carrier sghsesh-
old that maximizes the aggregate throughput. More receYiiyg
et al.[19] proposed a joint control algorithm for allowing eactdeo
to determine the transmit powers and the carrier sensehtbidssin
a distributed manner, with the objective of maximizing tieéwork
capacity. Note that the control algorithm adjusts the easense
threshold of each node (to eliminate hidden nodes) in acatedin-
ner.

4. A CONTENTION CONTROL FOR MUL-
TIHOP NETWORKS

In multihop wireless networks, the achievable throughglitited
by intra- and inter-flow interference. Specifically, flowsthare
routed along different paths within the interference raog@pete
for the channel bandwidth, resulting in inter-flow integfece. On
the other hand, consecutive packets in a single flow may leadpr
over the route to their destination and may interfere with an-
other. As each node is exposed to a different level of intenfee,

it has a different traffic forwarding capability. We define thaffic
forwarding capabilitya; as the ratio of the rate of incoming and
outgoing traffic at a node

out in

If a nodei can forward all the received packets to its neighbor node

without packet loss, then; is equal to 1. On the other hand, if

nodes receives a large number of packets but cannot forward them

at the same rate as it receives, thens less than 1. If nodé has
the smallest forwarding capability; among the nodes on the mul-
tihop path, it may be a bottleneck relay node of the path. is th
case, we have two choices to deal with this bottleneck pnob(@

nodei may ask neighbor nodes to reduce the transmit rate becaus

it cannot handle it; (ii) it may increase the channel accesbabil-
ity in order to relay more packets. In fact, if the nadacreases the
channel access probability, the neighbor nodes cannotredip-
ing the transmit rate because they are sharing the wireledgum
with the node;.

We set the target traffic forwarding capability (denotedhlfy0 <

Algorithm 1 Adaptive contention algorithm for each node

. Il InPackets: the number of all the incoming packetsifor

. Il DstPackets: the number of outgoing packets whose déstinis
itself.

. PurelnPackets = InPackets - DstPackets

/I OutPackets: the number of all the outgoing packetdfor
. Il SrcPackets: the number of incoming packets whose sosiitslf.
. PureOutPackets = OutPackets - SrcPackets

1

2

3

4

5

6

7

8:
9: if PureOutPackets- PurelnPacketthen

10: PureOutPackets- PurelnPackets

11: end if

12:

13: CWpin < CWhin + 7 - (PureOutPackets e« - PurelnPackets)
14:

15: if CWyin > mazyy, then

16: CWmin — MaTip

17: else ifCWy,5, < ming, then

18 CWmin — mingp,

19: end if

state. To maximize the throughput,” should be close to 1. If
the traffic forwarding capability of nodeis less thare™, the rate

of traffic that the node is relaying is smaller than that at which
the node is supposed to relay. Such a node is granted to gecrea
the channel access probability, attempting for access treless
medium more aggressively. As a result, the neighbor nod#s wi
have a lower possibility of gaining access to the wirelesdiome.

To differentiate the channel access probability, we pregosdjust
the contention window size with respect to the traffic forsvag

capability of each node. Instead of modifying the BEB altjori in

IEEE 802.11 DCF, we iteratively update GW, with the following

rule:

CWmin — CWmin + Y (h?ut - a* : hzn)y (l)

wherev is the step size. At each iteration, the increment inGW
is proportional to the discrepancy between the outgoing aad
the incoming rate scaled by the target traffic forwardingacity
«a”. Note that in a steady state; becomesa™. 1 In what fol-
lows, we will first explain the detailed algorithm, and thdrow
the convergence analysis of the proposed algorithm.

4.1 Adaptive Contention Algorithm

We devise a fully distributed algorithm for each node to jmele
dently and adaptively determine the minimum contentiondein
sizeCWp.in. The proposed adaptation rule in Eq. (1) needs neither
the status information of neighbor nodes nor the topolofgrma-

tion of the multihop path such as the number of hops and the hop
count from the source. Algorithm 1 gives the pseudo-codénef t
contention window adaptation scheme. Each node peridgie=!
ecutes the algorithm and update its GWat everyT” seconds. The
updated CW.i,, affects only new packet transmissions that start af-
ter its update. This means that this window adaptation setaoas

ghot interfere the ongoing BEB process.

There are several points that are worthy of mentioning. tFins
order to measure the rates of incoming and outgoing traffie, w
count the number of packets for the time inter¥al We have to
consider two special cases: (i) when a node receives packetse
destination is itself; and (ii) when a node transmit packetese

For notational simplicity, hereafter we usefor the target traffic

a® < 1) which each relay node is expected to have in a steady forwarding capacityx”.



source is itself. Whether or not to consider these cases esajtr

in a large discrepancy between the amount of the incoming and

outgoing traffic. Because these cases do not affect the fdimga
capability (and hence the adaptation of W), we ignore them
on lines 3 and 7 in Algorithm 1.

Second, on the lines 9-11, an upper bound is placed on the rate

of outgoing traffic. Even though there is no incoming packets
packets accumulated in the buffer can be transmitted. Fbod s
time interval, the outgoing rate could be higher than theinicg
rate depending on the buffer size, and it may lead to a falsisida

in updating CW,in in Eq. (1). This is the reason that we limit the
rate estimate of outgoing traffic up to that of incoming tiaffi

Third, if the traffic load is sufficiently low and does not imcany
packet loss, CWin has the tendency to be large with the use of the
adaptation rule in Eqg. (1). On the other hand, it is also fbsshat

a node cannot reach the target forwarding capability eveagh

it eventually reduces CW, to 1. Considering these two extreme
cases, we have imposed an upper bournd:.;, and a lower bound
ming, 0N CWin On lines 15-19 in Algorithm 1.

4.2 Convergence Analysis of the Proposed Al-
gorithm

Here, we give a convergence analysis of Algorithm 1. In oal-an
ysis, we deal with the channel access probability of eacle mod
stead of the CW size, which will be further corroborated in Re
mark 2. Consider a multihop wireless network consisting eéta.
of N nodes, denoted by = {1,2,---,N}. Similar to what
has been done in [19], we derive the saturation throughpeaof
node. We simplify our analysis by assuming that the careess
threshold and the transmit power are the same for all thesyaahel
the hidden node effect is not significant. However, our agialgan
be straightforwardly extended to a general network scenadtiich
will be a subject of our future work.

Let p; andg; denote, respectively, the probability that nadeans-
mits in any virtual time slot and the conditional collisioropability
of node: given that a transmission attempt is made. Thgrcan
be expressed as

JjeC;

whereC; denote the set of nodes whose simultaneous transmission

will collide with node:. Further, the average virtual time slot seen
by nodei, denoted by;, is

vi =p; [(1 = qi)Ts + ¢Te] + (1 = ps) [(1 — gi)o + ¢ Th],

whereTs, T., Ty, ando denote the durations of a successful trans-
mission, a collision, a busy channel, and the idle slot tiraspec-
tively. Now, we can obtain the saturation throughput of nede
denoted by;(p) wherep = (p1,--- ,pn), as follows.

_ il —qp-i))

wlp) @

gi(p)

wherep_; = (p1,---
size.

,Di—1,Pi+1, -+ ,pn) andl is the payload

Let A" (p) and h#°"(p) denote the incoming rate of nodeand
the data rate generated by nogeespectively. Furthehs"*(p)

nodei, respectively. Then, we have
pout — { i if hy" + hE™" > gi;
K hi* + R, otherwise.
and
el _ {

gihi™ /(" + E),
hi",

if hi_n + hzgcn > gi;
otherwise.

Also,
W= Bihd™,

JES;

©)

whereS; andg;; denote a set of nodes sending traffic to noead
the fraction ofh‘j“t sending to node, respectively.

At each time instance, we update the channel access pritypabil
according to the following iterative algorithm.

pit+1) = pit) =7 { (p(1) — ak(p(t) }, (@

where the step size > 0 and0 < o < 1.

The rationale for introducing: (< 1) in Eq. (4) is as follows. Con-
sider the case ofv = 1. Then, onceh!”(p) + h%™* becomes
smaller thary; (p), hi (p) —ahi®(p) = 0in Eq. (4) andp; will be
unchanged and remain an unnecessarily large value, whikbama
nodes under-utilized while unnecessarily decreasing the thineug
put of neighbor nodes. This situation results in degradatiothe
end-to-end throughput. The condition &f (p) + h5%" < gi(p)
corresponds to the unsaturated condition of noditence, we here-
after assume that every node operates under the saturatioli ¢
tion, i.e.,hi"(p) + hE°" > ¢;(p) is satisfied, by a proper choice of
a < 1.2 Then, Eq. (4) becomes

pi(t+1) = pi(t) —vfi(p(t)), (5)
wheref;(p(t)) = gi(p(t))h"(p(t))/ (k" (p(t)) +h5™) —ahi” (p(t)).
Now, we give the convergence result of Eq. (5) as follows.
Theorem 1 The update algorithm (Eq. (5)) converges to a unique
equilibrium ofp™ if

v < vfnin/ {1+ (a+ 2)Smax } max(Ty, T¢)],

and
0 9i Xjes, Piidi dfi
Opk - o | T Oé’ ﬂLg’ < ,
g;i Opk ' Zjesi Bjig; + h¥ J;I ji 9 an

Vp, Vi, whereSnax = max; S; andvmin = ming ; v;.

PROOF By Eg. (5), together with Eq. (3) arfd” + h%™ > g,,

in 8g; Bhi? in ORID .
ofi| _|M B 40T gh"T-  ohl
i R (e Yy,
Jgi 0y,
<\ +(a+2)25ﬂ F
JES;
dgi Jg;
< 2 Smax a_ | 6
<oy +(a+2) e (6)

2In fact, our simulation studies show that a valuecofvhich is
slightly smaller than 1 is sufficient to make every node ofgeua-

andhi®'(p) denote the total outgoing rate and the relayed data of der the saturation condition.



Table 1: Default parameters used in ns-2 simulation.

Propagation Two-ray Antenna height 15m
Tx power 8.58 dBm SNR thresh 10dB
Rx thresh -64.37 dBm CS thresh -78.07 dBm
FixedCWaa 1023 RTS/CTS Enabled
DCF CW,in 31 Data rate 5 Mb/s
mazep, 31 Target capabilitye 0.99
ming, 1 Step sizey 0.09
Routing AODV/Static || Sampling intervall’ 1s
whereSma.x = max;en S;. Meanwhile, by Eq. (2),
9gi _ (1 —qi)(pic + (1 —pi)Th)
F - 2 ’ (7)
Pi v;
and
995 | . |pi _ 8
5 | = HpT-+ 1 —p)T) [[ A-pr)|. (8
Di Ch .
keC;\i
Hence, by Egs. (7) and (8), Eq. (6) can be expressed as
ofi {1+ (a+ 2)Smax } max(Ty, T¢)
8_])' S 1)2 ] ) (9)

wherevnin = ming ; v;. Consequently, from [2, Proposition 1.1
and 1.11 in Chap. 3]p(t) generated by Eg. (5) converges to a
unique equilibrium, denoted hy*, if

v < vixin/ [l {1 + (Oé + Q)Smax} maX(TlH TC)]
and}_, ., |0fi/0pk| < 0fi/Op:, which becomes, by Eq. (5),

o} i Zjes- Biig; ofi
a9 . en + Oé’ /8 'Lg < 5
I; Op ‘Zjesi Biig; + hi ]é s opi
forvp,Vvi. O

Remark 1 (Stability-throughput tradeoff) In general, there ex-
ists a tradeoff between the performance and the convergafr{&¢:
Asa decreases/increases, the convergence region will expangfact
while the end-to-end throughput will decrease/increaseveithe-
less, the conditions for convergence in Theorem 1 is notssacsy
but sufficient. In practice, for the convergence of (gpnly needs
to be slightly smaller than 1. We will further look into théeet of

« through extensive simulations in the next section.

Remark 2 (CW size vs. attempt probability) To comply with IEEE
802.11 Standards, we propose in Algorithm 1 a control mecha-
nism for the CW size rather than the attempt probability. How
ever, as previous studies have indicated [5], the relatijmsoe-
tween the contention window sizél//; and the attempt proba-
bility p; can be expressed as = 2/(CW; + 1) in an average
sense. Thus, all the results in Theorem 1 can be re-derived fo
CW ; in a straightforward manner, by simply usigyf /0CW ; =

(0f /0p:) (dpi /[dCW:) = [~2/(CWi + 1)2](8f /Ops)-

5. SIMULATION RESULTS

To evaluate the performance of our proposed algorithm ana co
pare it against IEEE 802.11 DCF, we have carried extenginelak
tions using ns-2 in a variety of network scenarios. We haydem
mented the proposed adaptive contention algorithm in n&3ipn
2.30), and for more accurate simulation have modified nseb su
that i) the interference perceived at a receiver is the ctille ag-
gregate interference from all the concurrent transmissiand ii)

each node uses physical carrier sense to determine if thiumésl
free.

The parameter values used in the simulation are given ireTabl
With the parameter setting, the transmission range is appetely

100 m and the carrier sense range is 220 m. The distance of adja
cent nodes is set to 90 m for all the simulations. Our simorheti

are conducted in the following topologies:

e Chain topology: The nodes are placed in a row, and the first
node and the last node on the chain are the source node and
the destination node, respectively, as shown in Fig. 1. The
number of nodes varies from 2 to 9 to evaluate the throughput
performance with respect to the number of hops.

e Crosstopology: A cross topology consists of two 6-hop chain
topologies, which cross at the center node. Nodes near the
center node are affected by the interference from the flows
belonging to the other multihop path.

e Grid topology: A total of 49 nodes are configured in a 7x7
grid topology. Every node in the network has four neighbor-
ing nodes. Packets may be forwarded toward the destination
along a detour path as well as the shortest path depending on
the routing algorithms.

Both AODV and static routing are used in the cross and gridltsp
gies. We do not consider mobility or node failures in the datian
study. Note that the performance under AODV may not be ateura
because it is affected by the route discovery time, routeriaiand
route re-discovery time in the AODV protocol. Therefore, algo
carry out simulation under static routing [1], in order tcclkexie
the effect of routing algorithms on the throughput perfonggin
the cross and grid topologies. We vary the offered traffid lbg
changing the sending rates of CBR connections from 0.5 Mt2s t
Mb/s in the chain, cross, and grid topologies. Each simtatiins
for 1000 seconds.

We will first evaluate how the parameters in the contentiamdeiv
adaptation algorithm such as the step sigethe traffic forwarding
capability ¢), the maximum threshold of CW,, (max:p), and the
sampling time T) affect the throughput performance in the chain
topology. Then we will compare the performances of the psedo
contention algorithm and IEEE 802.11 DCF in a wide variety of
multihop network scenarios.

5.1 Performance evaluation in the chain topol-

ogy
5.1.1 The variation oW, W.I.t. « and~
First we carry out simulation in the chain topology. As shawn
(1), there are two tunable parametersyadind-y, of which the for-
mer is the target traffic forwarding capability and the lattethe
step size for the adaptive rule.

Fig. 3(a) depicts CWi» for the default parameters setting in Table
1. CWhin is initially set to 31. Starting from the initial value at t

= 0, CW,.in gradually converges in less than tens of seconds and
then fluctuates constantly. The converged value of,G\Wor each

hop is dependent on the interference level it experienchks.fifst
relay noden; (at the first hop in Figure 1) has the smallest G\W
because it receives too many packets but cannot forward doem



to the severe intra-flow interference from the source notie.sec-
ond and third relay node have the second and third smallest;GW
respectively, while the remaining nodes have the maximulmeva

Fig. 6 gives the end-to-end throughput versus the offerad In
the cross and grid topologies. Similar to Fig. 5(b) for thainh
topology, Fig. 6 shows a similar performance trend. Undgintli

max,. The reason is that from the 4th hop, the contention among traffic loads, the obtained throughput is the same betwesprit
nodes is not severe because they are far from the source ndde a posed adaptation algorithm and IEEE 802.11 DCF. However, as

the rate of relayed traffic is not high. Figure 3(b) depicts GW
for a larger value ofy. Becausey affects the convergence rate,
CWhin converges faster but fluctuates more dramatically. Fig. 3(c
CWhnin for a smaller value ofy, which is the target traffic forward-
ing capability. If a node has smalles; it is expected to have lower
throughput and the corresponding GW is higher as shown in
Fig. 3(c). In other wordsy affects the converged value of GW,

in a steady state and the rate at which it can forward.

5.1.2 End-to-end throughput w.rd, maz,, andT

In these sets of experiments, we show that the tunable p&eesne
affect the end-to-end throughput in a multihop wirelessvoek.
As stated abovey is the target forwarding capability and domi-
nantly affects the end-to-end throughput. In Fig. 4(a),ehd-to-
end throughput increases linearly f@® < o < 0.99, and in the
exceptional case ok = 1, the throughput goes up to 0.94 Mb/s.
Note that each data point reported in the figure is an average o
simulation runs. In the all cases, the throughput is muctmérig
than that of IEEE 802.11 DCF.

For a largemmazx:n, the end-to-end throughput decreases as shown

in Fig. 4(b), because in the case of light traffic GM converges
to maxp, Which may incur a larger delay before the first trans-
mit attempt. The value df’ determines how frequently the value
of CWhin is updated. Therefore, if is smaller, it is possible to
achieve a fine granularity control of G\, in a variety of dynamic
traffic and interference scenarios. However, as a traddoifi-
curs higher computational overhead because.fz\Ws periodically
computed at ever§’ seconds.

5.1.3 End-to-end throughput in various scenarios
The traffic forwarding capability of a node can be affected/ay
ious factors such as the network topology, the charadesisf
physical RF devices, and traffic patterns. First, Fig. 5(E¢g
the end-to-end throughput with respect to the carrier searsge.
With a smaller carrier sense range, the level of spatialeréand
the number of concurrent transmissions) is increased. Awrsh

in Fig. 5(a), in the entire range the contention window aatph
algorithm outperforms IEEE 802.11 DCF by 23-51 % in terms of
the end-to-end throughput. We vary the offered traffic lo@uanf
0.5 Mb/s to 2 Mb/s. Fig. 5(b) gives the end-to-end throughyith
respect to the offered load. Under lightly offered loade per-
formance does not differ dramatically between the two prois
However, the throughput improvement is quite significanewthe
offered load exceeds 0.8Mb/s. The end-to-end throughpum-is
proved by 11-32% when the offered load is larger than 0.8 Mb/s
We also vary the number of hops in the chain topology from 3 to 8

hops. As shown in Fig. 5(c), as the number of hops increases be

yond 4 hops, our algorithm significantly outperforms IEER 80
DCF. When the number of hops is less than or equal to 4 (i.ert sh
multihop paths), all the nodes are within the carrier seasge
of the first two nodes, and thus the improvement is not sigmific
This issue is expected to be resolved by adjusting the caeigse
range for better spatial reuse.

5.2 Performance evaluation in the cross and
grid topologies

the offered load increases, the improvement becomes meablao
under all the cases.

Fig. 6(a) shows the end-to-end throughput for the crosslogyo
When static routing is used, the throughput achieved urgecdn-
tention window adaptation algorithm is increased by 20-3arf6

der the heavy offered load. When AODV is used, the improve-
ment is approximately 24-35 %. The performance differeree b
tween the two routing protocols lies in the inefficiency of BX®

in stationary networks. Similarly, in the grid topology weserve
that the contention window adaptation algorithm outpenf®tEEE
802.11 DCF by 11-26 % under static routing and 15-40 % under
AODV.

6. CONCLUSION

We have studied the issue of improving the end-to-end thmpulg
performance of IEEE 802.11 DCF-operated multihop wiretests
works. In particular, we have focused on the use of contents-
olution algorithms, e.g., the BEB mechanism in IEEE 802.TFD
We have proposed a fully distributed contention window &além
scheme for tuning the minimum contention window SiZ&V ;i
in order to equate the forwarding capability of every nodaamul-
tihop wireless path, with the objective of improving the ¢neend
throughput of the multihop path. We have derived a sufficoem:-
dition for the convergence of the proposed algorithm, andexh
out ns-2 simulation. The simulation results have shown thet
proposed scheme efficiently controls the contention amangs
and gives a 20—35 % performance improvement with respebgto t
end-to-end throughput than conventional IEEE 802.11 DCF.

We have identified several avenues for future researcht, kies
are implementing the proposed scheme on an IEEE 802.11 based
testbed with MadWifi drivers laying on top of Atheros chipsen
order to empirically evaluate the performance. We will agtend
the convergence analysis in a more general network scemdrére
nodes may use different values of the transmit power andativeec
sense threshold, nodes may be mobile, and hidden nodes msay ex
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