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Abstract

In wireless mesh networks, quality-of-service (QoS) support and fair rate allocation are usually considered separately. Fair rate allo-
cation frameworks proposed in previous work focus on elastic flows that do not have explicit service quality requirements. Such frame-
works may not be applied directly within mesh networks containing real-time flows that have explicit rate and delay requirements. QoS
support frameworks for wireless networks guarantee service quality of real-time flows by reserving bandwidth for them. However, the
major drawbacks of existing approaches are the inefficiency and the lack of fairness consideration in bandwidth allocation, which results
in poor performance of elastic flows. In this paper, we propose QUOTA (quality-of-service aware fair rate allocation), a framework that
combines QoS support and fair rate allocation. QUOTA provides higher priority to real-time flows than elastic flows by reserving the
necessary bandwidth for the former and fairly allocating the left-over bandwidth to the latter. The performance of QUOTA is evaluated
through simulations and is compared with other QoS support and rate allocation frameworks.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Wireless mesh networking (WMN) is an emerging tech-
nology that uses wireless multi-hop networking to provide
a cost-efficient way for community or enterprise users to have
broadband Internet access and share network resources.

Fig. 1 shows a typical wireless mesh network. The net-
work contains mesh routers and mesh clients [11]. Several
wireless mesh routers connected through wireless links
form the multi-hop backbone of the network. Mesh routers
have limited mobility and some of them have wired Inter-
net connections, which become Internet gateways. Mesh
clients connect to mesh routers to access the Internet and
share network resources among themselves. In order to
provide stable and high-speed Internet access for mesh cli-
ents, inter-router and client-router communications usually
0140-3664/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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use different radio technologies, which effectively eliminate
interference between them.

One major challenge for the wide deployment of wireless
mesh networks is to provide QoS support and fair rate allo-
cation. It is well-known that using TCP and CSMA/CA
MAC protocols (e.g., IEEE 802.11 [3]) in multi-hop wire-
less networks results in severe unfairness [24]. Users that
are farther away from the Internet gateway receive less
bandwidth and are sometimes starved. In addition, QoS
support for real-time applications, such as video and voice
over the mesh, is still an open problem.

Flows within wireless mesh networks may be classified as
real-time and elastic [33]. Real-time flows include video and
voice applications that have requirements on the transmis-
sion rate and are very sensitive to latency and jitter. For
example, voice over the mesh requires that the one-way
latency is less than 200 milliseconds (ms) and the jitter is less
than 50 ms [27]. Elastic flows are from applications that can
adjust their transmission rate gradually. Such applications
include file transfer, email and remote terminal [33].

In this paper, we focus on the problem of providing QoS
support for real-time flows, while allocating bandwidth to
elastic flows fairly. Previous work [10,14,16,21,23,28,34–38]
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Fig. 1. A mesh network scenario.

B. Wang, M. Mutka / Computer Communications 31 (2008) 1276–1289 1277
normally consider these two problems separately by focusing
either on admission control of real-time flows or rate alloca-
tion of elastic flows. These approaches cannot be applied
directly in a wireless mesh network that contains both real-
time and elastic flows. The major contribution of our paper
is the proposed QUOTA framework providing both QoS
support and fair, efficient rate allocation for wireless mesh
networks.

The paper is organized as follows: In Section 2 we
review the related work and highlight our contributions.
Section 3 gives a detailed introduction to the QUOTA
framework. Section 4 introduces the implementation
details of our framework. We provide a simulation evalua-
tion of the QUOTA framework in Section 5. Conclusions
and future work are given in Section 6.
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Fig. 2. A branch of the mesh network.
2. Related work

Providing QoS support for real-time flows in wireless
networks is an active research area. SWAN [10] is a service
differentiation framework for wireless ad hoc networks. The
SWAN framework provides service guarantee for real-time
flows by controlling the rate of elastic flows. The rate con-
troller is deployed between the IP and the MAC layer.
The flow rate control algorithm used in SWAN is additive
increase, multiplicative decrease (AIMD). When the MAC
layer detects packet delay that exceeds a threshold, which
is determined by the delay requirement of the real-time
flows, the rate control algorithm is triggered and a new
transmission rate is determined. The rate adjustment is
achieved through a leaky bucket traffic shaper. One draw-
back of SWAN is the lack of fair rate allocation for elastic
flows. We will compare the performance of SWAN and
QUOTA through simulation results given in Section 5
and highlight our contributions.

Another type of service differentiation framework focuses
on modifying the IEEE 802.11 MAC protocol [35,37,38]. In
fact, IEEE 802.11e [3] has been proposed to provide a set of
QoS enhancements to the IEEE 802.11 standard. Different
levels of services are achieved by using different MAC proto-
col parameters, such as the contention window size. How-
ever, fair rate allocation for elastic flows is not considered
in these approaches. In addition, while the QUOTA frame-
work will benefit if the underlying MAC protocol is
improved, it is important and practical to find solutions
when a traditional IEEE 802.11 MAC protocol is used.

A contention graph and utility maximization based
framework has been used for fair rate allocation in several
research papers. Some of them [21,23] focus on rate alloca-
tion in single hop wireless networks. Others [16,28,34] pay
more attention to multi-hop wireless networks. Our frame-
work is different from the work mentioned above in three
very important aspects. First, we consider real-time flow
QoS support in addition to rate allocation for elastic flows.
Higher priority is given to real-time flows by reserving
bandwidth for them while utility maximization based rate
allocation is used as a tool to allocate the left-over band-
width among elastic flows fairly. Second, rate allocation
is performed at the Internet gateway instead of relying on
distributed mesh routers. To support the QoS of real-time
flows in mesh networks, a centralized method is more suit-
able than a distributed one because it provides more accu-
rate bandwidth reservation for real-time flows and faster,
more stable rate allocation for elastic flows. This is vital
for real-time flows since they are very sensitive to network
conditions and normally last for a short period of time. In
fact, the IEEE 802.16 (WiMAX) mesh network [4] provides
a centralized mechanism for rate allocation and link sched-
uling. More detailed discussion on the centralized rate allo-
cation will be given in Section 4 when we introduce the
implementation details of the QUOTA framework. Third,
we employ an adaptive method for accurately estimating
the capacity of the network, which is the basis for efficient
bandwidth reservation and rate allocation.
3. Theoretical framework

In this paper, we focus on the wireless mesh backbone
formed by several mesh routers. We consider the scenario
where all the mesh routers are deployed by a single organi-
zation, for example, an Internet service provider (ISP). In
this case, all the mesh routers are configured and controlled
by the organization. For the ease of presentation, we con-
sider a scenario shown in Fig. 2, which is a branch of the
wireless mesh network shown in Fig. 1. Different branches
can be configured to use orthogonal channels to eliminate
interference between them. This scenario is similar to the
one that was studied in [24]. In this paper, we assume that
wireless links are bidirectional. In addition we do not
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consider adaptive link capacity, so we assume the capaci-
ties of all links are equal. Note that similar link capacity
assumptions are made in [21,34]. Our model can be easily
modified to take different link capacities into consideration,
such as in [16].

In the mesh branch shown in Fig. 2, node F is the Inter-
net gateway. We denote the set of network flows (end-to-
end application flows) as F. Also we denote the set of link

flows (flows between directly connected nodes) as L. Every
network flow f 2 F consists of one or more link flows.
Every link flow l 2 L carries at least one network flow.
The legend of Fig. 2 shows three network flows in the mesh
branch.

3.1. Link contention graph and rate allocation feasibility

In an IEEE 802.11 MAC based wireless network, two
link flows contend for channel access if the source or desti-
nation of one link flow is within the interference range of
the source or destination of another one [21,34]. We can
define a link contention graph G(V,E) based on the conten-
tion relationship between different link flows. The vertex
set V contains all the link flows in the network. An edge
in set E indicates that two vertices (two link flows) contend
with each other. Fig. 3 shows the contention graph of the
mesh branch shown in Fig. 2.

The link contention graph captures the interference
among different link flows. An important concept associ-
ated with the link contention graph is the maximal clique.
A complete subgraph of a graph is called a clique. A maxi-
mal clique is defined as the clique that is not contained in
any other clique [12]. We denote the set of maximal cliques
of a contention graph as C. The maximal cliques can be
obtained from the link contention graph using the Bierston
algorithm [12]. In the link contention graph given in Fig. 3,
we have three maximal cliques, C1 = {1,2,3}, C2 =
{2,3,4,6} and C3 = {3,4,5,6}. In fact, a maximal clique
represents a contention region in which all link flows inter-
fere with each other. The dotted ellipses shown in Fig. 2
illustrate contention regions corresponding to the above
maximal cliques. A maximal clique can also be considered
as a limited resource shared and contended by different link
flows within it. For any maximal clique, at any time, only a
single link flow can be active. The above constraint is
denoted as the clique constraint. In the rest of this paper,
we will simply use clique to refer to maximal clique.
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Fig. 3. Link contention graph of the mesh network scenario shown in
Fig. 2.
In order to formally state the clique constraint, let
x = (xf,f 2 F) denote the rate allocation vector of network
flows; let y = (yl, l 2 L) denote the rate allocation vector
of link flows derived from x. Also let bl denote the link
capacity for link flow l when it is active in isolation. Rate
vector x and y are said to be scheduling feasible if they
can be scheduled under the clique constraint. The schedul-
ing protocols considered here are medium access control
(MAC) layer protocols. In this paper, we use the IEEE
802.11 MAC as the underlying scheduling protocol.

We denote the necessary and sufficient condition that
guarantees scheduling feasibility as the scheduling feasibil-

ity constraint. In order to derive this constraint, let us first
define a matrix R = {Rlf}:

Rlf ¼
1; if link flow l carries network flow f

0; otherwise

�

Also define matrix Q = {Qnl}:

Qnl ¼
1; if clique n contains link flow l

0; otherwise

�

As an example, for the mesh scenario shown in Fig. 2
and the associated link contention graph shown in Fig. 3,
we have

R ¼

1 0 0

1 0 0

1 0 0

1 1 1

1 1 1

0 0 1

2
666666664

3
777777775

and

Q ¼
1 1 1 0 0 0

0 1 1 1 0 1

0 0 1 1 1 1

2
64

3
75

It has been shown that [16,21], for a perfect contention
graph [18], the scheduling feasibility constraint can be writ-
ten asX
l:Qnl¼1

yl

bl
6 1; 8n 2 C

where

yl ¼
X

f :Rlf¼1

xf ; 8l 2 L

In fact, the constraint states that the sum of the normalized
rate of all link flows in the clique, cannot exceed the nor-

malized clique capacity, which is 1 [21].
However, it is difficult and expensive to check if the link

contention graph is perfect. It has been shown that [21], for
a general graph, the scheduling feasibility constraint can be
written as
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X
l:Qnl¼1

yl

bl
6

2

3
; 8n 2 C

by reducing the normalized clique capacity to 2/3.
Based on our link capacity assumption given at the

beginning of this section, we denote the capacity of all wire-
less links to be b. So we can write the scheduling feasibility
constraint in another formX
l:Qnl¼1

yl 6
2

3
b; 8n 2 C ð1Þ

where the right-hand side of the inequality is denoted as the
clique capacity.

Scheduling feasibility does not guarantee that the rate
vector is throughput feasible, which means the throughput
of a flow equals to the allocated rate. This is due to the inef-
ficiency of the underlying scheduling protocols. For exam-
ple, due to the random nature of the IEEE 802.11 MAC,
some idle time is wasted during the back off period. We
introduce the effective clique capacity sn for every clique
n 2 C such that the constraintX
l:Qnl¼1

yl 6 sn; 8n 2 C

guarantees the throughput feasibility of the rate vector. We
denote the above constraint as the throughput feasibility

constraint. To simplify the representation of the through-
put feasibility constraint, let us define the clique-flow matrix

P = QR(Pnf = QnlRlf). In fact Pnf represents the number of
link flows in clique n that carries network flow f. As an
example, for the mesh scenario shown in Fig. 2 and the
associated link contention graph shown in Fig. 3, we have

P ¼
3 0 0

3 1 2

3 2 3

2
64

3
75

Denote s as the vector of effective clique capacities. Then
the throughput feasibility constraint can be written as

Px < s ð2Þ

The effective capacity of a clique depends on several fac-
tors, such as the underlying scheduling protocol, the num-
ber of competing link flows in this clique and the location
of link flows [23]. It is difficult to determine the effective
capacity of a clique in advance. In our framework, the
effective capacity of a clique has the maximum value of
(2/3)b and is adaptively estimated according to the network
conditions.

3.2. Admission control

Assume that a network planner has a global view of the
contention graph and the traffic pattern, and the network
flow set F is divided into real-time flow set Fr and elastic
flow set Fe. We give a higher priority to real-time flows over
elastic flows by performing admission control and band-
width reservation first and allocate the left-over bandwidth
to elastic flows afterwards. We sequentially process all real-
time flows. The order of processing will be discussed in Sec-
tion 4.2. For a real-time flow f 2 Fr, it is admitted if

P nf rf < s0n; 8n 2 C

Otherwise, it is rejected. Pnf denotes the number of link
flows in clique n that carries network flow f; rf is the rate
requested by real-time flow f. So Pnfrf represents the band-
width used by flow f in clique n. s0n is the available band-
width of clique n, which is set to the effective capacity of
the clique at the beginning of the admission control pro-
cess. If real-time flow f is admitted, which means its re-
quested rate can be supported by all cliques, the rate
allocation xf is equal to rf; otherwise, xf = 0. In addition,
the available bandwidth of every clique n is updated as
s0n ¼ s0n � P nf xf . The bandwidth reservation of real-time
flows will be discussed in the following subsection.

The above admission control strategy gives absolute pri-
ority to real-time flows. However, other admission control
strategies can be adopted according to the policy of the
mesh network operator. For example, before admission
control, a certain proportion of the available bandwidth
of every clique can be reserved for elastic flows to prevent
their starvation.
3.3. Utility maximization based rate allocation

After the admission control is completed for real-time
flows, we may allocate bandwidth to elastic flows. In order
to guarantee fairness among different elastic flows, we use a
well-developed utility maximization framework. This
framework was originally proposed for Internet congestion
control [26,29] and recently has been used for fair rate allo-
cation in wireless networks [16,21,23,34].

We associate a utility function Uf (xf) to every elastic
flow f 2 Fe [33]. Further, we assume that this function is
increasing, strictly concave and twice continuously differen-
tiable [16,21,34]. It has been shown that [26,32], by maxi-
mizing

P
f2F e Uf ðxf Þ, a certain targeted fairness is

achieved among elastic flows. Furthermore, if we choose
the utility function Uf (xf) = ln(xf) for every elastic flow,
proportional fairness is achieved [26,32]. More formally,
the objective can be written as

P : max
xf P0

X
f2F e

U f ðxf Þ; subject to Px 6 s ð3Þ

The above problem is referred to as the system primal
problem. It is a typical convex optimization problem [13],
which can be solved by using the Lagrange duality
[26,29]. The dual problem is defined as

D : min
kP0

DðkÞ ð4Þ

where
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DðkÞ ¼ max
xf P0

X
f2F e

Uf ðxf Þ � kT ðPx� sÞ
 !

¼
X
f2F e

max
xf P0

�
U f ðxf Þ � xf

X
n2C

knP nf

�

þ
X
n2C

knsn �
X
f2F r

xf

X
n2C

knP nf

Let us define

lf ¼
X
n2C

knP nf

In fact, the Lagrange multiplier kn can be interpreted as the
shadow price [26] of clique n, which is the cost of a unit
flow accessing the channel in clique n [34]. Also xflf may
be interpreted as the total price charged for flow f for trans-
mitting at rate xf.

To solve the dual problem, we use an iterative algorithm
with the help of the gradient projection method [34]. The
algorithm involves all network flows and maximal cliques
and is given an initial rate allocation vector x. For real-time
flow f, xf is determined by the admission control process
described in the previous subsection and does not change
during the iterative process. For elastic flows, initial rate
can be randomly chosen.

At every iteration, for every clique n, it receives the rate
information of all flows f where Pnf 6¼ 0 and updates the
shadow price kn using

knðt þ 1Þ ¼ knðtÞ � c
oDðkðtÞÞ

okn

� �þ

where c is the step size and t is the iteration number. Since

oDðkÞ
okn

¼ sn �
X
f2F e

xf P nf �
X
f2F r

xf P nf

we have

knðt þ 1Þ ¼ knðtÞ � c sn �
X
f2F e

xf ðtÞP nf �
X
f2F r

xf P nf

 !" #þ

ð5Þ

The above equation reflects the law of supply and demand
[21,34]. When the rate demand exceeds (less than) the effec-
tive capacity of clique n, the cost of a unit flow accessing
the channel in clique n increases (decreases). The above
equation also shows the fact that every clique n reserves
necessary bandwidth,

P
f2F r xf P nf , for real-time flows. Note

that the rates of real-time flows do not change during the
iteration, so the bandwidth reservation will not be affected
by the rate allocation of the elastic flows. After the price
update, the clique shadow price is reported to the source
of all elastic network flows f where Pnf 6¼ 0.

For every elastic flow f, the source of this flow receives
shadow price information from all maximal cliques n where
Pnf 6¼ 0. Then a new transmission rate of the flow is
obtained by solving the following problem
max
xf P0
ðU f ðxf Þ � xf lf Þ ð6Þ

which can be interpreted as maximizing the net utility (util-
ity minus cost). Since function Uf(xf) is strictly concave, the
unique solution of the above problem exists and can be ex-
pressed as

x�f ¼ U 0�1
f ðlf Þ

Since Uf(xf) = ln(xf), the maximizer x�f ¼ 1
lf

. The new rate
information of flow f is reported to all maximal cliques n
where Pnf 6¼ 0 and will be used in the next iteration.

It has been shown that [16,34], by choosing the appro-
priate step size c, starting from any initial rate vector x,
the above iterative algorithm will converge to the optimal
solution (x*,k*), and the solution is primal-dual optimal,
which means x* is also the optimal rate vector for the pri-
mal problem.

The above discussion introduces the general idea of our
framework. However, in order to use this framework in a
wireless mesh network, there are many practical issues that
need to be considered. First, the construction of the con-
tention graph and its maximal cliques is a challenging
problem. Second, it is a difficult task to perform clique
price update since the clique is a virtual concept. Third,
the communication between the sources of network flows
and the cliques should be reliable enough to guarantee
the correct execution of the algorithm. Last, in order to
guarantee the throughput feasibility and the QoS of real-
time flows, we need an efficient on-line algorithm to esti-
mate the effective clique capacities according to the net-
work conditions. In the next section, we introduce the
implementation of the QUOTA framework by solving the
above-mentioned practical issues.
4. Framework implementation and practical issues

The implementation of the framework executes in a
round-by-round fashion. Every round has a fixed length
duration consisting of two phases: distributed clique con-
struction and centralized admission control and rate allo-
cation. The detailed description of these two phases and
the associated control messages are explained in the follow-
ing subsections.

It is reasonable to assume that all branches share a com-
mon control channel that is orthogonal to the channels
used for data transmission. The control channel can be
used for mesh backbone management. It will also be used
by QUOTA for control message exchange. The multi-inter-
face and multi-channel mesh network architecture has been
proposed and investigated in both academia and industry
[5,8,6,7,9,24] and becomes essential for the wide deploy-
ment of the wireless mesh networks. The use of a dedicated
control channel can improve the reliability of the frame-
work and leave more bandwidth for data transmission.
When the control channel for the mesh backbone is not
available, QUOTA control messages have to compete with
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data packet transmissions, which results in potential con-
trol message loss and less bandwidth for data transmission.
In this case, a high priority queue can be used for control
messages when packet transmissions are scheduled. We will
compare the performance of QUOTA with and without a
dedicated control channel in Section 5.
4.1. Distributed clique construction

The framework presented in Section 3 requires the con-
struction of a global link contention graph and its maximal
cliques. The Bierstone algorithm used for the maximal cli-
que problem has exponential time complexity [25]. In our
implementation, we use a distributed maximal clique con-
struction method similar to [20,21,34] through which we
Fig. 4. Local link contention graph construction example.

Fig. 5. Distributed clique construction example. The associated network topolo
in Fig. 3.
obtain the maximal cliques without the construction of a
global link contention graph. Since every mesh router has
limited number of neighbors, even with exponential time
complexity, to obtain the maximum clique set of the local
link contention graph is fast.

Every link flow in the network has an associated local
link contention graph that contains itself and all other link
flows that interfere with it. Local link contention graphs
are subgraphs of the global link contention graph and they
are usually overlapping. We let individual mesh routers
construct the local link contention graphs for all link flows
that originate from it. The mesh router then applies the
Bierstone algorithm [12] on the contention graphs to obtain
a set of maximal cliques. It has been shown that, the collec-
tion of maximal cliques of different local link contention
graphs gives us the complete set of maximal cliques of
the global link contention graph [34].

In order to construct the local link contention graph of
a given link flow, the mesh router needs to know the
information about all other link flows that are in the
interference range of the sender or the destination of this
flow. In our implementation, the interference range is set
to be identical to the transmission range so the mesh rou-
ter can construct the local link contention graph via con-
trol message exchange. We use two types of messages:
beacon messages and link messages. Similar types of mes-
sages are used in [20,21]. A beacon message is associated
with a link flow and contains the source and destination
identifiers of this link flow. Similarly a link message is
associated with a link flow and contains the information
gy is shown in Fig. 2; the associated global link contention graph is shown
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of itself and all other flows that interfere with it. Every
mesh router periodically broadcasts beacon messages
and link messages that are associated with all the link
flows originate from it or are destined to it. Link messages
are constructed based on the information obtained from
beacon messages so they are sent less frequently than bea-
con messages. In order to see why we need two types of
messages and how these messages are used, let us consider
a simple example shown in Fig. 4. A similar example is
given in [20]. Dotted circles in the figure shows the trans-
mission range of node A and node C. Assume node A
needs to construct the local link contention graph of link
flow 1. Link flow 2 should be included in the contention
graph since node B is in the transmission range of node
C. By receiving beacon messages from node C, node B
knows that flow 2 interferes with flow 1. However, node
A cannot receive beacon messages from node C since it
is out of the transmission range of node C. By receiving
link messages from node B, node A then knows the infor-
mation about link flow 2 and includes it in the contention
graph of link flow 1.

At the end of the clique construction phase, each mesh
router sends clique messages to the gateway node. Each cli-
que message is associated with a link flow that originates
from the mesh router and contains three parts: the source
and destination of this flow; all the maximal cliques to
which this link flow belongs; network flows that this link
flow carries. If the mesh router is the source of a real-time
network flow, the rate and delay requirements of this flow
are also included. Note that elastic flows do not have spe-
cific rate and delay requirements. By receiving all these cli-
que messages, the gateway node is able to construct the set
of maximal cliques (denoted as C) of the global link con-
tention graph, and the set of network flows (denoted as
F). In addition, based on the information of network flows
contained in the clique messages, it can construct the cli-
que-flow matrix P.

Fig. 5 shows an example of the clique construction pro-
cess. The corresponding network topology and traffic pat-
tern are shown in Fig. 2. The associated global link
contention graph is shown in Fig. 3. In this scenario, each
mesh router only has one local link flow that originates
from it. The row ‘‘local contention graph” of the table
shows the local contention graphs constructed at different
mesh routers. The row ‘‘maximal cliques” shows the max-
imal clique decomposition at different mesh routers.

4.2. Centralized admission control and rate allocation

Based on the information collected during the clique
construction phase, the gateway node performs admission
control and rate allocation using the algorithm described
in Section 3. In fact, the gateway node can be considered
as a simulator that executes the above-mentioned algo-
rithm. The input to the simulator consists of the maximal
clique set C, network flow set F, the clique-flow matrix P
and the QoS requirements of real-time flows. The output
of the simulator is the converged rate allocation vector.
For a real-time flow, if it is rejected, the rate assignment
will be zero; otherwise, the rate assignment is the rate
requested by the source. In order to reduce the probability
that admitted real-time flows get rejected in later rounds,
during the admission control process described in Section
3, we give higher priority to real-time flows admitted in pre-
vious rounds by processing their rate requests before newly
arrived real-time flows.

When the rate allocation vector is available, the gateway
node sends rate messages to the source of each network
flow. Rate messages contain the assigned rate of the asso-
ciated network flow. By receiving the rate message, the
source of a network flow knows the rate to use for the next
round.

As explained in Section 1, the motivation of relying on
the gateway node instead of several mesh routers to per-
form the admission control and rate allocation is for better
QoS support of real-time flows. A distributed implementa-
tion [21,34] would require several rounds to perform the
iterative process described in Section 3.3 and to find the
correct effective clique capacities described in the following
subsection. Each round of the distributed implementation
corresponds to one iteration of the rate allocation algo-
rithm and it involves information exchange about flow rate
and clique price among wireless routers. The long process
of finding the optimal rate allocation and determining cor-
rect effective clique capacities, which can lasts for tens of
seconds [34], has a detrimental effect on the QoS of real-
time flows. In contrast, executing the admission control
and rate allocation algorithm virtually at the gateway node
yields an optimal rate allocation in a single round and
determines the correct effective clique capacities in a few
rounds. We will show the benefits of using a centralized
rate allocation through simulation results in Section 5.

The utility maximization based rate allocation problem
is a convex optimization problem. It has been pointed
out that using a centralized algorithm, the optimal solution
can be obtained in worst-case polynomial-time complexity
[22,13]. Therefore, our centralized implementation for the
rate allocation phase is scalable.

4.3. Adaptive effective clique capacity

As we mentioned in Section 3, the effective clique capac-
ity cannot be determined in advance. In our implementa-
tion, we use a measurement-based method to dynamically
estimate the effective capacities of maximal cliques. When
there are no real-time flows in the network, we use a con-
servative value 0.6b as the clique capacity. This value is
slightly smaller than (2/3)b that guarantees scheduling fea-
sibility as shown in Eq. (1).

When there are real-time flows in the network, the recei-
ver of any real-time flow measures the average delay of this
flow during the clique construction phase and this informa-
tion is attached to the clique messages sent to the gateway.
The effective clique capacity adjustment is performed
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before admission control and rate allocation. If the maxi-
mal clique set and the traffic pattern are the same as the last
round, the initial effective capacity of every maximal clique
is set to the value determined in the last round. Then for
every real-time flow f, the gateway node checks that if
the average measured delay exceeds the delay requirement.
If yes, for every clique n, the effective clique capacity sn will
be reduced by Pnfa, where a is a small constant. This is
equivalent to reserving extra bandwidth Pnfa for the real-
time flow f in clique n as shown in Eq. (5). If the maximal
clique set or the traffic pattern changes in a new round, the
effective capacity of every maximal clique will be set to 0.6b

and no further capacity adjustment will be performed in
this round.

The major purpose of dynamically adjusting the effective
clique capacities is to meet the rate and delay requirements
of the real-time flows by guaranteeing throughput feasibil-
ity. By reserving extra bandwidth for real-time flows, we
expect to reduce the delay and at the same time meeting
its rate requirement. However, when there are only elastic
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Fig. 6. A single-branch scenario.
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Fig. 7. Allocated rate of different flows
flows in the network, we use a pre-determined conservative
value as the effective clique capacity, which may not guar-
antee throughput feasibility.
5. Performance evaluation

In this section, we present simulation results for the
QUOTA framework in mesh networks consisting of real-
time and elastic flows. Also we compare the performance
of QUOTA with SWAN. We choose SWAN since its
QoS support for real-time flows is based on the rate control
of the elastic flows, which is very similar to QUOTA. The
evaluation metrics include the delay and loss rate of real-
time flows, the aggregate throughput of the network and
the fairness index of elastic flows. Given a rate vector x
of size n, the fairness index [17] is defined as

F ðxÞ ¼
P

xið Þ2

n
P

x2
ið Þ
5.1. Simulation setup

We use NS2 [2] (version 2.29) for our simulation. For
the QUOTA framework, the duration of each round is
set to be 4 s. In the distributed clique construction phase,
2 s are used for beacon message and link message
exchange. Each mesh router periodically sends beacon mes-
sages and link messages. The inter-message intervals of
beacon and link messages are 0.2 and 0.9 s, respectively.
Another one second is used for sending clique messages
to the Internet gateway. After admission control and rate
allocation, the gateway node sends rate messages to the
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at different rounds under QUOTA.
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source of each network flow. If the source fails to get the
rate message during a round, it will continue using the rate
assigned at the last round. Some part of the QUOTA
implementation in NS2 is based on the code used in [21].
The implementation code of the SWAN framework is
obtained from the authors’ website.

5.2. Simulation results of a single-branch scenario

The simulated single-branch scenario is shown in Fig. 6.
All nodes use two 2 Mbps 802.11 radios tuned to orthogo-
nal channels used by data transmission and control mes-
sage exchange. The transmission range and interference
range are set to be 250 m. The coordinates of nodes are
given in the figure. In this scenario, we have six network
flows. The routes for these flows are manually set and are
shown in the figure. Flows f1, f2, f4 and f5 are elastic flows
with constant bit rate (CBR) traffic source. The packet size
is set to be 1000 bytes. The sending rate of the traffic source
is adjusted at the application layer under QUOTA frame-
work while SWAN adjusts the source rate using a traffic
shaper between the IP and MAC layer. Note that both
QUOTA and SWAN can work with a TCP-based traffic
source. However, in this paper we consider TCP as a form
of rate allocation for elastic flows [26,34] and use it as a
baseline for comparison. Elastic flows last for the whole
simulation period, which is 400 s. Real-time flows f3 and
f6 are from voice applications simulated as CBR traffic
sources with 32 kbps rate requirement and 50 ms maximal
tolerable one-way delay. The packet size is set to be
80 bytes. Real-time flows start at 100 s and end at 300 s.

Fig. 7 shows the rate allocation at different rounds under
the QUOTA framework. The rate allocations of flow f4 and
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Fig. 8. Throughput of different flows a
flow f6 are not shown in the figure since they are the same
as flow f2 and flow f3, respectively. During [0, 100] seconds,
there are no real-time flows in the network and the avail-
able bandwidth is allocated to elastic flows. At 100 s, two
real-time flows enter the network and the rate allocation
is quickly adjusted to meet the QoS requirements of them.
When real-time flows leave the network at 300 s, the avail-
able bandwidth for elastic flows increases and the new rate
allocation is the same as that in the period [0, 100]. Fig. 8
shows the throughput of flows at different rounds under
the QUOTA framework. The throughput of flow f4 and
flow f6 are not shown in the figure since they are similar
to flow f2 and flow f3, respectively. We observe that before
real-time flow enters the network, the rate allocation is not
throughput feasible. Starting at 100 s, the effective clique
capacities are adjusted according to the delay requirements
of real-time flows. After a few rounds, the rate requirement
of real-time flows is satisfied and the loss rates of real-time
flows are under 1% during the period [100,300]. The rate
allocation of elastic flows also becomes throughput feasible
during this period. Fig. 9 shows the average delay of real-
time flows in logarithmic scale at different rounds under the
QUOTA framework. When real-time flows enters the net-
work, the delay requirement is not satisfied. After a few
rounds of clique capacity adjustment, the delays of real-
time flows are under the maximal tolerable value and are
stably maintained during the whole session.

We also simulate SWAN and TCP in the single-branch
scenario. For SWAN, we tuned the maximum sending rate
of elastic flows and the delay threshold mentioned in the
Section 2 to make sure that real-time flows are admitted
and their delay and rate requirements are successfully
met. When TCP is used for elastic flows, both rate and
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Table 1
Performance comparison of the single-branch scenario (CBR real-time
traffic)

TCP SWAN QUOTA

Aggregate throughput (kbps) 406 297 385
Average delay of real-time flows (ms) 431 49 46
Fairness index 0.62 0.46 0.81
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delay requirements of real-time flows are voilated, which
shows the necessity of using admission control and band-
width reservation to support the service requirements of
real-time flows. Table 1 shows the aggregate throughput
of all flows, the average delay of real-time flows and the
fairness index of elastic flows under QUOTA, SWAN
and TCP. The aggregate throughput under QUOTA is
higher than SWAN and slightly smaller than TCP. In addi-
tion, the fairness index of elastic flows under QUOTA is
greatly improved over SWAN and TCP. In previous work
on fair rate allocation for elastic flows, utility maximization
based framework usually achieves higher aggregate
throughput and better fairness than TCP [23]. However,
QUOTA supports QoS of real-time flows by reducing the
available bandwidth for elastic flows, which may result in
a smaller aggregate throughput than TCP as seen in this
scenario. QUOTA outperforms SWAN in two aspects:
First, to support the same level of QoS for real-time flows,
QUOTA maintains more bandwidth for elastic flows than
SWAN. Second, QUOTA allocate bandwidth more fairly
than SWAN.

Here are some reasons for the performance gap between
SWAN and QUOTA. First, SWAN performs rate control
of elastic flows on a per-node basis by using a traffic shaper
between the IP and MAC layer; QUOTA directly adjusts
the sending rate of elastic flows at the application layer,
which provides more accurate per-flow rate adjustment.
Second, the delay threshold value used in SWAN, which
triggers the rate control of elastic flows, only reflects the
contention level of a single maximal clique (contention
region). For networks with multi-hop flows spanning sev-
eral maximal cliques, it is difficult to choose an appropriate
delay threshold according to the delay requirement of the
real-time flow. By using the link contention graph and
maximal clique decomposition, QUOTA’s bandwidth res-
ervation for real-time flow is more flexible and efficient.
The rate allocation of elastic flows is fairer with the help
of the utility maximization framework.

The voice traffic can also be modeled as an ON/OFF
source with exponential distributed ON and OFF period
[19]. We perform simulation using traffic sources with
exponential ON and OFF period for real-time flows f3

and f6. The average length of ON and OFF period is
300 ms. Packets are generated during ON periods at a con-
stant bit rate of 32 kbps. Other simulation parameters are
the same as the previous scenario with CBR real-time traf-
fic. Since the length of the ON or OFF period is much
smaller than the interval of a round in QUOTA, we use
the rate at the ON period as the rate requirements in
QUOTA. This approach is conservative in the sense that
it reserves bandwidth for real-time flows even they are in
the OFF period. However, it is efficient in maintaining
the QoS of real-time flows.

Table 2 shows the aggregate throughput of all flows, the
average delay of real-time flows and the fairness index of
elastic flows under QUOTA, SWAN and TCP. Compared
with simulation results of the previous scenario with CBR



Table 2
Performance comparison of the single-branch scenario (VBR real-time
traffic)

TCP SWAN QUOTA

Aggregate throughput (kbps) 449 304 355
Average delay of real-time flows (ms) 401 46 36
Fairness index 0.6 0.47 0.8
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real-time traffic, we observe that SWAN and TCP take
advantage of the additional bandwidth given by the OFF
period of the real-time traffic while QUOTA does not.
However, the performance benefits of QUOTA are still
obvious.

5.3. Simulation results of multi-branch scenarios

In this subsection, we present the simulation results of
multi-branch wireless mesh network scenarios. We simu-
late a flat area of 600 m by 600 m with 40 randomly posi-
tioned stationary wireless nodes. In addition, a gateway
node is placed in the center of the network. The network
is divided into four branches and each branch contains
one maximal clique. Different branches uses orthogonal
channels with 2 Mbps capacity for data transmission while
sharing a single control channel for QUOTA control mes-
sages. Routes between nodes are determined offline using
shortest-path routing algorithms. The simulation results
presented are the average values of 5 randomly generated
network topologies.

In these scenarios we simulate network flows that origi-
nate from or are destined to the gateway, and we vary the
number of network flows in a branch from 3 to 7 in each
topology. There is one real-time flow in each branch.
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Real-time flows are from video applications simulated as
CBR traffic sources with rate requirement 200 kbps and
20 ms maximal tolerable delay. The packet size is set to
be 512 bytes. Elastic flows are generated using CBR traffic
sources with packet size of 1000 bytes. Each simulation
lasts for 400 s.

Fig. 10 shows the aggregate throughput of all flows with
different number of flows in each branch. The figure shows
that QUOTA always achieves higher aggregate throughput
than SWAN. When the number of flows in a branch is
large, TCP achieves higher aggregate throughput than
QUOTA and SWAN. Fig. 11 shows the average delay of
real-time flows in logarithmic scale. We observe that both
the QUOTA and SWAN satisfy the delay requirements
of real-time flows while TCP cannot provide the service
guarantee. The average fairness index of branches are
shown in Fig. 12. We observe that QUOTA has a better
fairness index than both SWAN and TCP, especially when
the number of flows in each branch is large. The above sim-
ulation results indicate that, while maintaining the same
level of delay for real-time flows, QUOTA allocates band-
with to elastic flows more efficiently and more fairly than
SWAN.

Finally, we evaluate the overhead of the QUOTA
framework by relaxing the assumption of a dedicated
control control. In a new set of simulations, QUOTA
control messages are sent through the respective data
transmission channels of different branches. The simula-
tion results are presented as ‘‘QUOTA without control
channel” in the Figs. 10–12. We observe that without
the dedicated control control, QUOTA still successfully
maintains the QoS of real-time flows and achieves high
fairness index. Since control message transmissions
ws/branch 6 flows/branch 7 flows/branch

put of network flows.
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compete with data packet transmissions, the aggregate
throughput of QUOTA without dedicated control chan-
nel is lower than QUOTA with dedicated control chan-
nel. The normalized message overhead of QUOTA is
shown in Fig. 13. The normalized overhead is defined
as the ratio between the control messages transmitted in
bytes and data packets received in bytes. The message
overhead increases with the increase of the number of
flows in a branch. For a mesh branch consisting of large
number of flows, using a dedicated control channel would
be more appropriate. However, typical mesh network
deployment limits the number of mesh routers that con-
nect to a gateway. For example, in Google’s Muni WiFi
[30,1] mesh network deployment, small clusters of 6–8
access points are connected to a gateway using the same
frequency channel. Most of the nodes are one hop away
from the gateway and typical network flows are from or
to the gateway. QUOTA framework operates on
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aggregated flows between the mesh routers and the gate-
way, whose number is limited by the number of mesh
routers in each branch.

6. Conclusions and future work

In this paper, we proposed a framework named
QUOTA for QoS support and fair rate allocation in wire-
less mesh networks. Our framework uses link contention
graph and utility maximization framework to perform
admission control and rate allocation. Simulation results
show that our framework successfully guarantees the
QoS of real-time flows and fairly, efficiently allocates band-
width for elastic flows in different wireless mesh network
scenarios. We also compared the performance of QUOTA
with the SWAN framework and explained the advantages
of our framework. Both QUOTA and SWAN provide
QoS support for real-time flows by controlling the rate of
elastic flows. However, QUOTA outperforms SWAN in
terms of the efficiency and fairness of rate allocation for
elastic flows. We observed large performance gap between
QUOTA and SWAN in various mesh network scenarios.

The further reduction of message overhead of QUOTA
is our future work. One promising direction is to combine
QUOTA with a routing protocol, such as AODV [31]. This
approach has been discussed in [34].

Our framework will benefit from a more efficient under-
lying scheduling protocol. An improved scheduling proto-
col will help to increase the effective capacity of maximal
cliques. We would like to investigate the joint design of
QoS-aware rate allocation framework and scheduling pro-
tocol [15,16] in the future.
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