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ABSTRACT
In multihop wireless networks, packets of a flow originated from
a source node are relayed by intermediate nodes (relay nodes) and
travel towards the destination along a multihop wireless path. Since
the traffic forwarding capability of each node varies according to its
level of contention, a node should not transmit excessive packets to
its relay node if the corresponding relay node cannot forward them.
Instead, the node should yield its channel access opportunity to its
neighbor nodes so that all the nodes can evenly share the channel
and have similar forwarding capabilities. In this manner, nodes
can utilize the wireless channel effectively, and further increase the
end-to-end throughput of a multihop path.

We propose a fully distributed contention window adaptation mech-
anism, which adjusts the channel access probability depending on
the difference between the incoming traffic and the outgoingtraffic
at each node, in order to equate the traffic forwarding capabilities
among all the nodes in the path. If the incoming rate of a node
is larger/smaller than its outgoing rate, the forwarding capability
of that node should be increased/decreased so as to match theout-
going rate with the incoming rate. In the proposed mechanism, a
node is granted to increase/decrease its channel access probabil-
ity if its traffic forwarding capability is worse/better than those of
competing neighbor nodes. We give a convergence analysis ofthe
proposed scheme as well as its steady-state performance. Through
simulation, we show that the end-to-end throughput of multihop
wireless path can be improved by 20–40% under variety of network
topologies and traffic patterns.
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1. INTRODUCTION
Multihop wireless networks have received considerable attention in
recent years, primarily because of their wide civilian and military
applications, and their capability of building networks without a
pre-existing infrastructure. Multihop wireless networksconsist of
a number of either stationary or mobile wireless nodes, which serve
as relays forwarding traffic from other nodes (as well as their own
traffic) and maintain network wide connectivity. In other words,
in multihop wireless networks packets of a flow originated from a
source node are relayed by intermediate nodes (relay nodes)and
travel towards the destination along a multihop wireless path. In
this manner, any pairs of nodes in multihop wireless networks can
exchange their packets over multihop wireless paths.

One of the critical performance metrics in multihop wireless net-
works is the network throughput. It highly depends on the achiev-
able channel capacity at each individual wireless link and the level
of spatial reuse. To improve the overall network capacity inmul-
tihop wireless networks, extensive studies have been carried out.
(We will give a detailed summary of related work in Section 3.)
Several PHY/MAC attributes in multihop wireless networks can be
used in order to control channel access, reduce interference, and
improve network throughput, among which the transmit power, the
carrier sense threshold, and the channel access probability have
been the main research topics. The transmit power and the car-
rier sense threshold are key parameters for exploiting spatial reuse
and for improving the network capacity of wireless networks. The
channel access probability is another crucial parameter that deter-
mines the level of contention among nodes in wireless networks.
In particular, assigning an appropriate value for the channel access
probability is an effective technique to mitigate MAC-level con-
tention and interference and improve the throughput of multihop
wireless networks.

In this paper, we consider the issue of improving the end-to-end
throughput performance of IEEE 802.11 DCF-operated multihop
wireless networks. The basic access method of IEEE 802.11 DCF
is carrier sense multiple access with collision avoidance (CSMA/CA).
Furthermore, to resolve contention among competing nodes,the
binary exponential back-off (BEB) algorithm is adopted in IEEE
802.11 DCF. A node that intends to transmit first senses the chan-
nel and defers its transmission while the channel is sensed busy.



When the channel is sensed idle for a specific time interval, called
distributed inter-frame space (DIFS), the sender chooses a ran-
dom back-off timer, which is uniformly distributed in[0, CW− 1]
where CW is the contention window size. CW is initially set to
its minimum value CWmin, and is doubled up to its maximum
value CWmax after each transmission collision. The back-off timer
is decreased by one if the channel is sensed idle for one physical
slot time, suspended if the channel is sensed busy, and reactivated
after the channel is sensed idle again for a DIFS. The node trans-
mits its frame when the back-off timer becomes zero. After the data
frame is received without errors, the receiver sends an acknowledg-
ment frame to the sender after a specified interval, called the short
inter-frame space (SIFS), that is less than DIFS. If an acknowl-
edgment frame is not received, the data frame is presumed to be
lost, and a retransmission is scheduled. Retransmissions for the
same data frame can be made up to a pre-determined retry limit,
L, times. Beyond this limit, the pending frame will be dropped.
The CW value is reset to CWmin when a frame has been success-
fully transmitted. Note that it has been shown in previous studies,
e.g, [5], that the channel access probability is a function of CW,
i.e.,2/(CW + 1) in an average sense, and thus we can control the
channel access probability of each node via tuning the CW value.

In the context of IEEE 802.11 DCF-operated multihop wireless
networks, we devise a contention window adaptation scheme that
effectively adjusts the minimum CW size,CWmin, of the BEB
mechanism in a distributed manner. In particular, we consider the
following two major issues: (i) how doesCWmin affect the end-
to-end throughput of a multihop wireless path? (ii) if it is not
sufficient for all the nodes on a multihop wireless path to usean
optimal but fixedCWmin value, how does each node adaptively
and independently adjust itsCWmin value? To address the first
issue, we first verify via simulation in Section 2 that the BEBalgo-
rithm with a fixed value ofCWmin is not sufficient to improve the
end-to-end throughput of a multihop path. In order to resolve this
issue and further improve the network throughput, we propose a
fully-distributed contention window adaptation scheme. Specified
in a set of iterative updating rules, the proposed scheme adaptively
controls CWmin by considering the level of traffic forwarding ra-
tio. If the current ratio of incoming packets to outgoing packets is
above/below than a pre-determined forwarding capability (which
we set to between 0 and 1) in a given interval, the CWmin value
will be set to a larger/smaller value in order to decrease/increase
the channel access probability. We provide a convergence analy-
sis of the proposed algorithm and evaluate its steady-stateperfor-
mance. Moreover, through simulation, we show that the end-to-end
throughput of a multihop wireless path can be improved by 20–40%
under a wide variety of network topologies and traffic patterns.

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

2. MOTIVATION
To investigate how the contention among nodes affects the end-to-
end throughput of a multihop wireless path, we perform simulation
for a chain topology with 7 nodes operating in the IEEE 802.11
DCF mode (Fig. 1), where only the source node sends packets ata

rate of 5 Mb/s to the destination node through intermediate nodes.
In Fig. 1, adjacent nodes are within the transmission range of each
other, and the carrier sense range is approximately twice ofthe
transmission range. Nodes within a carrier sense range compete
for the same channel and interfere with one another. In Fig. 1, the
source node competes with two nodes (n1 andn2), while n1 com-
petes with three nodes (source, n2, andn3). Thus, the channel
access probability for the source node will be approximately 1/3
while that forn1 andn2 will be 1/4 and 1/5, respectively. Since the
number of competing neighbor nodes determines the transmission
attempt rate, each node will have different forwarding capability
depending on its deployment.

It is obvious that the traffic forwarding capabilities are not the same
for nodes along a multihop path in the chain topology given in
Fig. 1, due to the fact that each node has a different number of
competing nodes. One may think that there exists an optimal chan-
nel access probability (or equivalently, an optimal value of CWmin)
that gives the maximal throughput of the multihop path. Figure 2(a)
shows the throughput performance when CWmin = 16, 32, and
64. Note that each node has a fixed value of CWmin, which is the
same for all the nodes, in the first transmission attempt, andthen
the CW value is adapted in compliance with the BEB mechanism.
Thex-axis in Fig. 2 is the hop-count from the source, and thus the
throughput at the last node (i.e., hop-count = 6) corresponds to the
end-to-end throughput of the overall path. Several important obser-
vations can be made from Fig. 2(a):

• 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 CWmin = 16. This throughput be-
havior implies that the first relay node (n1) fails to forward
all the packets received fromsource to the next node (n2),
resulting in dropping a large amount of packets.

• The smallest CWmin 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 relay
node (n1), the throughput ofn1 will further degrade. Conse-
quently, the case for CWmin = 16 gives the lowest end-to-
end throughput with the highest throughput of the first hop.

• 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 nodes with a
different traffic forwarding capability contend with each other with
the same CWmin value, the node with the largest forwarding capa-
bility may grasp the wireless medium aggressively and eventually
causes the decrease in the end-to-end throughput of the multihop
path. Consequently, the BEB mechanism with fixed parameters
does not resolve theintra-flow interferenceproblem (i.e., the inter-
ference among packets of a connection that is routed on the same
multihop path). Thus, we need to differentiate the channel access
probability of each node by adjusting the CW size depending on
the traffic forwarding capability.
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Figure 1: A multihop wireless path consisting of a source node, a destination node, and five relay nodes.
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(a) A same CWmin for all the nodes.
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(b) A different CWmin adaptively selected for each
node.

Figure 2: Throughput performance of a 6-hop wireless path for a fixed, single CWmin and an adaptively selected CWmin. (The
throughput at the last hop-count is the end-to-end throughput of the multihop wireless path.)

Fig. 2(b) shows the throughput result when the CWmin value of
each node is adjusted (by our proposed algorithm in Section 4). It
is noticeable that the throughput achieved under the CWmin adapta-
tion scheme does not vary with respect to the hop-count. Thisresult
implies that none of the relay nodes forwards excessive packets to
its corresponding receiver. In comparison with the fixed CWmin

case, the CWmin adaptation scheme only renders a lower through-
put at the first hop. The throughput at all the other hops as well
as the end-to-end throughput is higher with the use of the CWmin

adaptation scheme. In summary, by differentiating the contention
window size at each node, all the other nodes except the source are
able to increase the traffic forwarding capability, which results 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 consider the
following issues: (i) how to estimate the traffic forwardingcapa-
bility at each node; (ii) how to differentiate the contention window
size depending on the traffic forwarding capability; and (iii) how to
increase the end-to-end throughput by regulating the throughput of
traffic relayed at each hop in a distributed and scalable manner. We
will deal with these issues in detail and propose a fully distributed,
adaptive algorithm for controlling the contention window size in
the next section.

3. RELATED WORK
Spatial reuse in wireless networks increases the overall network
capacity by allowing concurrent transmissions that are spatially far
enough not to interfere with each other. There exist abundant re-
search results on how to exploit spatial reuse for improvingthe per-
formance of wireless networks. We categorize these recent research
efforts into the following three topics: tuning of the Back-off Pa-
rameters, transmit power control, and adjustment of carrier sense
thresholds.

3.1 Tuning of the Back-off Parameters
In IEEE 802.11 DCF, the back-off parameters such as CWmin and
CWmax are fixed, which is insufficient to guarantee a satisfactory
performance under various network scenarios such as different net-
work densities, different network topologies, and/or different net-
work loads. To analyze the impact of the back-off parameterson
network performance, Bianchi proposed a model for the back-off
process by a two-dimensional Markov chain [3]. Using this model,
it was shown that the number of stations and the minimum CW
size have significant impacts on the overall performance of IEEE
802.11 DCF. Accordingly, extensive studies on improving network
capacity by adapting back-off parameters have been carriedout
[4–6, 16]. Caliet al. [5] proposed a distributed algorithm called
IEEE 802.11+, which enables each node to estimate the numberof
contending nodes at any given time. They also derived an analyt-
ical model which gives a theoretical maximum bound on the net-
work capacity. Bianchi and Tinnirello [4] showed that the number
of competing stations can be expressed as a function of the colli-
sion probability on the channel. Then, they proposed an extended
Kalman filer with a change detection mechanism in order to esti-
mate the number of competing stations. Kwonet al. [6] proposed a
fast collision recovery (FCR)protocol, which is a contention-based
protocol that redistributes the back-off timer among all competing
stations with an objective of reducing the idle back-off time.

3.2 Transmit Power Control
The issue of power control has been extensively studied in the con-
text of topology maintenance, where the objective is to preserve a
graph-theoretic network connectivity, to reduce power consump-
tion, and mitigate MAC-level interference [7, 8, 12–14]. Power
control for the purpose of increasing spatial reuse and network
capacity has been treated in the PCMA protocol [9], the PCDC
protocol [10], and the POWMAC protocol [11]. In [9], Monkset
al. proposed PCMA, in which the receiver announces its interfer-



ence margin that it can tolerate on an out-of-band channel and the
transmitter selects its transmit power that does not affectany ongo-
ing transmissions. Muqattash and Krunz also proposed PCDC and
POWMAC in [10,11] respectively. The PCDC protocol constructs
the network topology by overhearing RTS/CTS packets, and the
calculated interference margin is announced over an out-of-band
channel. On the other hand, the POWMAC protocol uses a single
channel for exchanging information on the interference margin.

3.3 Carrier Sense Threshold Adjustment
The carrier sense threshold is also a key parameter for determining
the level of spatial reuse. The impact of the carrier sense threshold
on the network capacity has been studied in [15, 17–21]. Zhuet
al. [21] determined an optimal carrier sense threshold value which
maximizes spatial reuse for several regular topologies. Based on
the SINR (signal to interference plus noise ratio) requiredto sus-
tain a predetermined transmission rate, Zhuet al. proposed in [20]
a dynamic algorithm that adjusts the carrier sense threshold in or-
der to set the SINR of each transmission to a given level. Vasan et
al. [15] proposed an algorithm, calledechos, to dynamically adjust
the carrier sense threshold in order to allow more flows to co-exist
in 802.11-based hotspot wireless networks. Yang and Vaida [18]
considered several factors such as MAC overhead, transmission
rate, and network density in selecting optimal carrier sense thresh-
old that maximizes the aggregate throughput. More recently, Yang
et al.[19] proposed a joint control algorithm for allowing each node
to determine the transmit powers and the carrier sense thresholds in
a distributed manner, with the objective of maximizing the network
capacity. Note that the control algorithm adjusts the carrier sense
threshold of each node (to eliminate hidden nodes) in a static man-
ner.

4. A CONTENTION CONTROL FOR MUL-
TIHOP NETWORKS

In multihop wireless networks, the achievable throughput is limited
by intra- and inter-flow interference. Specifically, flows that are
routed along different paths within the interference rangecompete
for the channel bandwidth, resulting in inter-flow interference. On
the other hand, consecutive packets in a single flow may be spread
over the route to their destination and may interfere with one an-
other. As each node is exposed to a different level of interference,
it has a different traffic forwarding capability. We define the traffic
forwarding capabilityαi as the ratio of the rate of incoming and
outgoing traffic at a nodei:

αi = hout
i /hin

i .

If a nodei can forward all the received packets to its neighbor node
without packet loss, thenαi is equal to 1. On the other hand, if
nodei receives a large number of packets but cannot forward them
at the same rate as it receives, thenαi is less than 1. If nodei has
the smallest forwarding capabilityαi among the nodes on the mul-
tihop path, it may be a bottleneck relay node of the path. In this
case, we have two choices to deal with this bottleneck problem: (i)
nodei may ask neighbor nodes to reduce the transmit rate because
it cannot handle it; (ii) it may increase the channel access probabil-
ity in order to relay more packets. In fact, if the nodei increases the
channel access probability, the neighbor nodes cannot helpreduc-
ing the transmit rate because they are sharing the wireless medium
with the nodei.

We set the target traffic forwarding capability (denoted byα∗, 0≪
α∗ < 1) which each relay node is expected to have in a steady

Algorithm 1 Adaptive contention algorithm for each node
1: // InPackets: the number of all the incoming packets forT
2: // DstPackets: the number of outgoing packets whose destination is

itself.
3: PureInPackets = InPackets - DstPackets
4:
5: // OutPackets: the number of all the outgoing packets forT
6: // SrcPackets: the number of incoming packets whose source is itself.
7: PureOutPackets = OutPackets - SrcPackets
8:
9: if PureOutPackets> PureInPacketsthen

10: PureOutPackets← PureInPackets
11: end if
12:
13: CWmin← CWmin + γ

T
· (PureOutPackets –α · PureInPackets)

14:
15: if CWmin > maxth then
16: CWmin←maxth

17: else ifCWmin < minth then
18: CWmin←minth

19: end if

state. To maximize the throughput,α∗ should be close to 1. If
the traffic forwarding capability of nodei is less thanα∗, the rate
of traffic that the nodei is relaying is smaller than that at which
the node is supposed to relay. Such a node is granted to increase
the channel access probability, attempting for access the wireless
medium more aggressively. As a result, the neighbor nodes will
have a lower possibility of gaining access to the wireless medium.

To differentiate the channel access probability, we propose to adjust
the contention window size with respect to the traffic forwarding
capability of each node. Instead of modifying the BEB algorithm in
IEEE 802.11 DCF, we iteratively update CWmin with the following
rule:

CWmin ← CWmin + γ (hout
i − α∗ · hin

i ), (1)

whereγ is the step size. At each iteration, the increment in CWmin

is proportional to the discrepancy between the outgoing rate and
the incoming rate scaled by the target traffic forwarding capacity
α∗. Note that in a steady state,αi becomesα∗. 1 In what fol-
lows, we will first explain the detailed algorithm, and then show
the convergence analysis of the proposed algorithm.

4.1 Adaptive Contention Algorithm
We devise a fully distributed algorithm for each node to indepen-
dently and adaptively determine the minimum contention window
sizeCWmin. The proposed adaptation rule in Eq. (1) needs neither
the status information of neighbor nodes nor the topology informa-
tion of the multihop path such as the number of hops and the hop-
count from the source. Algorithm 1 gives the pseudo-code of the
contention window adaptation scheme. Each node periodically ex-
ecutes the algorithm and update its CWmin at everyT seconds. The
updated CWmin affects only new packet transmissions that start af-
ter its update. This means that this window adaptation scheme does
not interfere the ongoing BEB process.

There are several points that are worthy of mentioning. First, in
order to measure the rates of incoming and outgoing traffic, we
count the number of packets for the time intervalT . We have to
consider two special cases: (i) when a node receives packetswhose
destination is itself; and (ii) when a node transmit packetswhose
1For notational simplicity, hereafter we useα for the target traffic
forwarding capacityα∗.



source is itself. Whether or not to consider these cases may result
in a large discrepancy between the amount of the incoming and
outgoing traffic. Because these cases do not affect the forwarding
capability (and hence the adaptation of CWmin), 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, the
packets accumulated in the buffer can be transmitted. For a short
time interval, the outgoing rate could be higher than the incoming
rate depending on the buffer size, and it may lead to a false decision
in updating CWmin in Eq. (1). This is the reason that we limit the
rate estimate of outgoing traffic up to that of incoming traffic.

Third, if the traffic load is sufficiently low and does not incur any
packet loss, CWmin has the tendency to be large with the use of the
adaptation rule in Eq. (1). On the other hand, it is also possible that
a node cannot reach the target forwarding capability even though
it eventually reduces CWmin to 1. Considering these two extreme
cases, we have imposed an upper boundmaxth and a lower bound
minth on CWmin 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 our anal-
ysis, we deal with the channel access probability of each node in-
stead of the CW size, which will be further corroborated in Re-
mark 2. Consider a multihop wireless network consisting of aset
of N nodes, denoted byN = {1, 2, · · · , N}. Similar to what
has been done in [19], we derive the saturation throughput ofeach
node. We simplify our analysis by assuming that the carrier sense
threshold and the transmit power are the same for all the nodes, and
the hidden node effect is not significant. However, our analysis can
be straightforwardly extended to a general network scenario, which
will be a subject of our future work.

Let pi andqi denote, respectively, the probability that nodei trans-
mits in any virtual time slot and the conditional collision probability
of nodei given that a transmission attempt is made. Then,qi can
be expressed as

qi = 1−
Y

j∈Ci

(1− pj),

whereCi denote the set of nodes whose simultaneous transmission
will collide with nodei. Further, the average virtual time slot seen
by nodei, denoted byvi, is

vi =pi [(1− qi)Ts + qiTc] + (1− pi) [(1− qi)σ + qiTb] ,

whereTs, Tc, Tb, andσ denote the durations of a successful trans-
mission, a collision, a busy channel, and the idle slot time,respec-
tively. Now, we can obtain the saturation throughput of nodei,
denoted bygi(p) wherep = (p1, · · · , pN), as follows.

gi(p) =
lpi (1− qi(p−i))

vi(p)
, (2)

wherep−i = (p1, · · · , pi−1, pi+1, · · · , pN) and l is the payload
size.

Let hin
i (p) and hgen

i (p) denote the incoming rate of nodei and
the data rate generated by nodei, respectively. Further,hout

i (p)
andhrel

i (p) denote the total outgoing rate and the relayed data of

nodei, respectively. Then, we have

hout
i =



gi, if hin
i + hgen

i ≥ gi;
hin

i + hgen
i , otherwise.

and

hrel
i =



gih
in
i /(hin

i + hgen
i ), if hin

i + hgen
i ≥ gi;

hin
i , otherwise.

Also,

hin
i =

X

j∈Si

βjih
out
j , (3)

whereSi andβji denote a set of nodes sending traffic to nodei and
the fraction ofhout

j sending to nodei, respectively.

At each time instance, we update the channel access probability pi

according to the following iterative algorithm.

pi(t + 1) = pi(t)− γ
n

hrel
i (p(t))− αhin

i (p(t))
o

, (4)

where the step sizeγ > 0 and0 < α < 1.

The rationale for introducingα (< 1) in Eq. (4) is as follows. Con-
sider the case ofα = 1. Then, oncehin

i (p) + hgen
i becomes

smaller thangi(p), hrel
i (p)−αhin

i (p) = 0 in Eq. (4) andpi will be
unchanged and remain an unnecessarily large value, which makes
nodei under-utilized while unnecessarily decreasing the through-
put of neighbor nodes. This situation results in degradation of the
end-to-end throughput. The condition ofhin

i (p) + hgen
i < gi(p)

corresponds to the unsaturated condition of nodei. Hence, we here-
after assume that every node operates under the saturation condi-
tion, i.e.,hin

i (p) + hgen
i ≥ gi(p) is satisfied, by a proper choice of

α < 1.2 Then, Eq. (4) becomes

pi(t + 1) = pi(t)− γfi(p(t)), (5)

wherefi(p(t)) = gi(p(t))hin
i (p(t))/(hin

i (p(t))+hgen
i )−αhin

i (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

γ < v2
min/ [l {1 + (α + 2)Smax}max(Tb, Tc)] ,

and

X

k 6=i

∂

∂pk

0

@

˛

˛

˛

˛

˛

gi

P

j∈Si
βjigj

P

j∈Si
βjigj + hgen

i

˛

˛

˛

˛

˛

+ α
˛

˛

˛

X

j∈Si

βjigj

˛

˛

˛

1

A <
∂fi

∂pi

,

∀p,∀i, whereSmax = maxi Si andvmin = minp,i vi.

PROOF. By Eq. (5), together with Eq. (3) andhin
i + hgen

i ≥ gi,

˛

˛

˛

˛

∂fi

∂pi

˛

˛

˛

˛

=

˛

˛

˛

˛

˛

˛

hin
i

∂gi

∂pi
+ gi

∂hin

i

∂pi

hin
i + hgen

i

−
gih

in
i

∂hin

i

∂pi

(hin
i + hgen

i )2
− α

∂hin
i

∂pi

˛

˛

˛

˛

˛

˛

≤

˛

˛

˛

˛

∂gi

∂pi

˛

˛

˛

˛

+ (α + 2)
X

j∈Si
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˛

˛

˛

˛

∂gj

∂pi

˛

˛

˛

˛

≤

˛

˛
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˛

∂gi
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˛

˛

˛

˛
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˛

˛

˛

˛

∂gj

∂pi

˛

˛

˛

˛

, (6)

2In fact, our simulation studies show that a value ofα which is
slightly smaller than 1 is sufficient to make every node operate un-
der the saturation condition.



Table 1: Default parameters used in ns-2 simulation.
Propagation Two-ray Antenna height 1.5 m
Tx power 8.58 dBm SNR thresh 10 dB
Rx thresh -64.37 dBm CS thresh -78.07 dBm

FixedCWmax 1023 RTS/CTS Enabled
DCF CWmin 31 Data rate 5 Mb/s

maxth 31 Target capabilityα 0.99
minth 1 Step sizeγ 0.09
Routing AODV/Static Sampling intervalT 1 s

whereSmax = maxi∈N Si. Meanwhile, by Eq. (2),

∂gi

∂pi

=
l(1− qi)(piσ + (1− pi)Tb)

v2
i

, (7)

and
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Hence, by Eqs. (7) and (8), Eq. (6) can be expressed as
˛
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˛

˛
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∂pi

˛

˛

˛

˛

≤
l{1 + (α + 2)Smax}max(Tb, Tc)

v2
min

, (9)

wherevmin = minp,i vi. Consequently, from [2, Proposition 1.1
and 1.11 in Chap. 3],p(t) generated by Eq. (5) converges to a
unique equilibrium, denoted byp∗, if

γ < v2
min/ [l {1 + (α + 2)Smax}max(Tb, Tc)]

and
P

k 6=i |∂fi/∂pk| < ∂fi/∂pi, which becomes, by Eq. (5),
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A <
∂fi

∂pi

,

for ∀p,∀i.

Remark 1 (Stability-throughput tradeoff) In general, there ex-
ists a tradeoff between the performance and the convergenceof (5):
Asα decreases/increases, the convergence region will expand/contract
while the end-to-end throughput will decrease/increase. Neverthe-
less, the conditions for convergence in Theorem 1 is not necessary
but sufficient. In practice, for the convergence of (5),α only needs
to be slightly smaller than 1. We will further look into the effect of
α 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 relationship be-
tween the contention window sizeCW i and the attempt proba-
bility pi can be expressed aspi = 2/(CW i + 1) in an average
sense. Thus, all the results in Theorem 1 can be re-derived for
CW i in a straightforward manner, by simply using∂f/∂CW i =
(∂f/∂pi)(dpi/dCWi) = [−2/(CWi + 1)2](∂f/∂pi).

5. SIMULATION RESULTS
To evaluate the performance of our proposed algorithm and com-
pare it against IEEE 802.11 DCF, we have carried extensive simula-
tions using ns-2 in a variety of network scenarios. We have imple-
mented the proposed adaptive contention algorithm in ns-2 (version
2.30), and for more accurate simulation have modified ns-2 such
that i) the interference perceived at a receiver is the collective ag-
gregate interference from all the concurrent transmissions; and ii)

each node uses physical carrier sense to determine if the medium is
free.

The parameter values used in the simulation are given in Table 1.
With the parameter setting, the transmission range is approximately
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 simulations
are conducted in the following topologies:

• 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.

• Cross topology: 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.

• 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 grid topolo-
gies. We do not consider mobility or node failures in the simulation
study. Note that the performance under AODV may not be accurate
because it is affected by the route discovery time, route failure, and
route re-discovery time in the AODV protocol. Therefore, wealso
carry out simulation under static routing [1], in order to exclude
the effect of routing algorithms on the throughput performance in
the cross and grid topologies. We vary the offered traffic load by
changing the sending rates of CBR connections from 0.5 Mb/s to 2
Mb/s in the chain, cross, and grid topologies. Each simulation runs
for 1000 seconds.

We will first evaluate how the parameters in the contention window
adaptation algorithm such as the step size (γ), the traffic forwarding
capability (α), the maximum threshold of CWmin (maxth), and the
sampling time (T ) affect the throughput performance in the chain
topology. Then we will compare the performances of the proposed
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 ofCWmin w.r.t. α andγ
First we carry out simulation in the chain topology. As shownin
(1), there are two tunable parameters ofα andγ, of which the for-
mer is the target traffic forwarding capability and the latter is the
step size for the adaptive rule.

Fig. 3(a) depicts CWmin for the default parameters setting in Table
1. CWmin is initially set to 31. Starting from the initial value at t
= 0, CWmin gradually converges in less than tens of seconds and
then fluctuates constantly. The converged value of CWmin for each
hop is dependent on the interference level it experiences. The first
relay noden1 (at the first hop in Figure 1) has the smallest CWmin

because it receives too many packets but cannot forward themdue



to the severe intra-flow interference from the source node. The sec-
ond and third relay node have the second and third smallest CWmin,
respectively, while the remaining nodes have the maximum value
maxth. The reason is that from the 4th hop, the contention among
nodes is not severe because they are far from the source node and
the rate of relayed traffic is not high. Figure 3(b) depicts CWmin

for a larger value ofγ. Becauseγ affects the convergence rate,
CWmin converges faster but fluctuates more dramatically. Fig. 3(c)
CWmin for a smaller value ofα, which is the target traffic forward-
ing capability. If a node has smallerα, it is expected to have lower
throughput and the corresponding CWmin is higher as shown in
Fig. 3(c). In other words,α affects the converged value of CWmin

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

5.1.2 End-to-end throughput w.r.t.α, maxth, andT
In these sets of experiments, we show that the tunable parameters
affect the end-to-end throughput in a multihop wireless network.
As stated above,α is the target forwarding capability and domi-
nantly affects the end-to-end throughput. In Fig. 4(a), theend-to-
end throughput increases linearly for0.9 ≤ α ≤ 0.99, and in the
exceptional case ofα = 1, the throughput goes up to 0.94 Mb/s.
Note that each data point reported in the figure is an average of 10
simulation runs. In the all cases, the throughput is much higher
than that of IEEE 802.11 DCF.

For a largermaxth, the end-to-end throughput decreases as shown
in Fig. 4(b), because in the case of light traffic CWmin converges
to maxth, which may incur a larger delay before the first trans-
mit attempt. The value ofT determines how frequently the value
of CWmin is updated. Therefore, ifT is smaller, it is possible to
achieve a fine granularity control of CWmin in a variety of dynamic
traffic and interference scenarios. However, as a tradeoff,it in-
curs higher computational overhead because CWmin is periodically
computed at everyT seconds.

5.1.3 End-to-end throughput in various scenarios
The traffic forwarding capability of a node can be affected byvar-
ious factors such as the network topology, the characteristics of
physical RF devices, and traffic patterns. First, Fig. 5(a) gives
the end-to-end throughput with respect to the carrier senserange.
With a smaller carrier sense range, the level of spatial reuse (and
the number of concurrent transmissions) is increased. As shown
in Fig. 5(a), in the entire range the contention window adaptation
algorithm outperforms IEEE 802.11 DCF by 23–51 % in terms of
the end-to-end throughput. We vary the offered traffic load from
0.5 Mb/s to 2 Mb/s. Fig. 5(b) gives the end-to-end throughputwith
respect to the offered load. Under lightly offered loads, the per-
formance does not differ dramatically between the two protocols.
However, the throughput improvement is quite significant when the
offered load exceeds 0.8Mb/s. The end-to-end throughput isim-
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 IEEE 802.11
DCF. When the number of hops is less than or equal to 4 (i.e., short
multihop paths), all the nodes are within the carrier sense range
of the first two nodes, and thus the improvement is not significant.
This issue is expected to be resolved by adjusting the carrier sense
range for better spatial reuse.

5.2 Performance evaluation in the cross and
grid topologies

Fig. 6 gives the end-to-end throughput versus the offered load in
the cross and grid topologies. Similar to Fig. 5(b) for the chain
topology, Fig. 6 shows a similar performance trend. Under light
traffic loads, the obtained throughput is the same between the pro-
posed adaptation algorithm and IEEE 802.11 DCF. However, as
the offered load increases, the improvement becomes more notable
under all the cases.

Fig. 6(a) shows the end-to-end throughput for the cross topology.
When static routing is used, the throughput achieved under the con-
tention window adaptation algorithm is increased by 20–31 %un-
der the heavy offered load. When AODV is used, the improve-
ment is approximately 24–35 %. The performance difference be-
tween the two routing protocols lies in the inefficiency of AODV
in stationary networks. Similarly, in the grid topology we observe
that the contention window adaptation algorithm outperforms IEEE
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 throughput
performance of IEEE 802.11 DCF-operated multihop wirelessnet-
works. In particular, we have focused on the use of contention res-
olution algorithms, e.g., the BEB mechanism in IEEE 802.11 DCF.
We have proposed a fully distributed contention window adaptation
scheme for tuning the minimum contention window size,CWmin,
in order to equate the forwarding capability of every node ona mul-
tihop wireless path, with the objective of improving the end-to-end
throughput of the multihop path. We have derived a sufficientcon-
dition for the convergence of the proposed algorithm, and carried
out ns-2 simulation. The simulation results have shown thatthe
proposed scheme efficiently controls the contention among nodes
and gives a 20–35 % performance improvement with respect to the
end-to-end throughput than conventional IEEE 802.11 DCF.

We have identified several avenues for future research. First, we
are implementing the proposed scheme on an IEEE 802.11 based
testbed with MadWifi drivers laying on top of Atheros chipsets, in
order to empirically evaluate the performance. We will alsoextend
the convergence analysis in a more general network scenario, where
nodes may use different values of the transmit power and the carrier
sense threshold, nodes may be mobile, and hidden nodes may exist.
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