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Abstract In this paper, we study rate allocation for a set of
end-to-end communication sessions in multi-radio wireless
mesh networks. We propose cross-layer schemes to solve
the joint rate allocation, routing, scheduling, power control
and channel assignment problems with the goals of maxi-
mizing network throughput and achieving certain fairness.
Fairness is addressed using both a simplified max-min fair-
ness model and the well-known proportional fairness model.
Our schemes can also offer performance upper bounds such
as an upper bound on the maximum throughput. Numerical
results show that our proportional fair rate allocation scheme
achieves a good tradeoff between throughput and fairness.

Keywords Wireless mesh network . Cross-layer
optimization . Rate allocation . Channel assignment .

Fairness

1 Introduction

Wireless Mesh Networks (WMN) [1] are envisioned to pro-
vide various attractive applications in the future, including
broadband Internet access, distributed information sharing
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and storage, and different multimedia applications at very
low costs. Such networks can be deployed in both the urban
and the rural areas to offer a large range of wireless coverage.
A WMN consists of wireless mesh routers and mesh clients.
Wireless mesh routers form a multihop wireless network
which serves as the backbone to provide network access for
mesh clients.

Although a WMN is a multihop wireless network, it is
quite different from other multihop wireless networks, such
as the well studied mobile ad hoc networks and wireless
sensor networks. For example, a mobile ad hoc network is
composed of a set of power constrained mobile nodes. How-
ever, wireless mesh routers in a WMN are usually stationary
and directly connected with AC power. Therefore, major
concerns of a mobile ad hoc network, such as mobility sup-
port and power efficiency, are not the most critical issues in
a WMN.

All of the potential applications mentioned above demand
the network to deliver a high volume of traffic efficiently.
Hence, how to improve network throughput should be the
most important design goal of WMNs. Moreover, every time
when we talk about throughput, fairness must be taken into
consideration, as otherwise we will end up with a serious
bias on network resource allocation, which has been shown
by previous research [11].

Compared with wired networks, a wireless network nor-
mally has lower network throughput due to the existence of
interference which prohibits simultaneous transmissions in
a common neighborhood. An effective method to improve
throughput of wireless networks is to use multiple radios,
i.e., to equip each wireless node with multiple Network In-
terface Cards (NICs) and tune them to different frequency
channels [17, 18]. In a multi-radio wireless network, mul-
tiple transmissions within a common neighborhood can be
concurrently conducted as long as they work on different
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channels. However, in order to make full use of the available
NICs and channels, we have to carefully consider the chan-
nel assignment problem, which has not been well addressed
before and is shown to be a challenging problem [18].

In this paper, we study a static network design problem,
i.e., rate allocation, for a given set of end-to-end communi-
cation sessions in multi-radio wireless mesh networks. The
objective is to jointly compute a rate allocation and the corre-
sponding channel assignment, routing solution, transmission
schedule and power assignment such that network through-
put can be maximized or certain fairness can be achieved.
We propose cross-layer schemes to solve the correspond-
ing max throughput, max-min fair and proportional fair rate
allocation problems. For a given channel assignment and a
set of given transmission modes, our schemes offer the cor-
responding optimal rate allocation, routing and scheduling
solutions, which will be explained in detail later. In addition,
our schemes can provide upper bounds on performances such
as the maximum throughput and the max-min rate value.

Many cross-layer schemes have been proposed for
multihop wireless networks. We summarize our contribu-
tions and the differences between this work and previous
related papers in the following.

� We are the first to cross four layers (the transport, net-
work, MAC and physical layers) and study the joint rate
control, routing, scheduling, power control and channel as-
signment problems in multi-radio WMNs. Among closely
related works on multi-radio WMNs, power control was
not addressed in [2, 8, 13, 17, 18, 20, 21, 23], and schedul-
ing was not considered in [8, 17, 18, 20, 21].

� Different from previous works on cross-layer optimization
in single-channel multihop wireless networks [4, 6, 7, 9,
11, 12, 16, 19, 22] in which channel assignment is not a
concern, we consider the cross-layer optimization prob-
lems in the context of multi-radio WMNs and propose an
efficient channel assignment algorithm.

� We study a WMN with a scheduling-based MAC layer
which is believed to be a more suitable MAC solution
for future WMNs [1] and adopted by the next generation
wireless networking standard 802.16 [14]. In contrast, the
802.11-based MAC layer is assumed by most of related
works [8, 17, 18, 20, 21].

� We addresses fairness under different models, includ-
ing both a simplified max-min model and the well-
known proportional fairness model. It differentiates this
work from related works on multi-radio WMNs, in
which either end-to-end fairness was not seriously con-
sidered [8, 13, 17, 18, 20, 23] or was only addressed based
on the max-min fairness models [2, 21].

The rest of this paper is organized as follows. We discuss
related works in Section 2. We describe the system model
in Section 3 and define the problems in Section 4. The three

cross-layer schemes and the corresponding numerical results
are presented in Sections 5 and 6, respectively. We conclude
the paper in Section 7.

2 Related work

Multi-radio WMNs have attracted extensive research at-
tentions recently. Draves et al. [8] presented a new rout-
ing metric, Expected Transmission Time/Weighted Cumula-
tive ETT (ETT/WCETT), and a corresponding Multi-Radio
Link-Quality Source Routing (MR-LQSR) protocol to find
high-throughput paths. In [17] and [18], the authors proposed
one of the first 802.11-based multi-radio WMN architectures
and developed a set of centralized and distributed channel as-
signment and routing heuristics. In [20], Tang et al. presented
interference-aware topology control and routing schemes for
QoS provisioning. Furthermore, they presented polynomial
time optimal schemes to compute maximum throughput and
fair bandwidth allocation in [21]. A constant-bound approx-
imation algorithm was proposed in [2] to jointly compute
channel assignment, routing and scheduling solutions for
fair rate allocation. The authors of [13] studied a simi-
lar problem and derived upper bounds on the achievable
throughput using a fast primal-dual algorithm. Based on
that, they also proposed two channel assignment heuris-
tics. Zhang et al. [23] developed a novel column generation
based approach to solve the joint routing and scheduling
problem.

Cross-layer approaches have been proposed to improve
the performance of single-channel multihop wireless net-
works. The authors of [6] formulated the joint design of
congestion control and media access control as a utility max-
imization problem and presented two distributed algorithms
to solve it. In [22], Wang and Kar proposed primal and dual
based algorithms to compute proportional fair end-to-end
rate allocation in a multihop Aloha-based wireless network.
Li in [16] considered end-to-end rate allocation in wireless
ad hoc networks and proposed algorithms to distribute re-
sources among multihop flows with the objective of improv-
ing both throughput and fairness. In [12], the authors studied
the impact of interference on routing using a conflict graph.
They derived upper and lower bounds on the optimal network
throughput. In [11], Hou et al. developed a polynomial time
algorithm to jointly calculate lexicographic max-min fair rate
allocation and routing solutions in two-tiered wireless sensor
networks. Cross-layer congestion control and power control
design in wireless ad hoc networks have been studied by
Chiang in [7]. The authors of [9] studied the joint schedul-
ing and power control problem in the wireless ad hoc and
proposed a simple two-phase heuristic to minimize the to-
tal power consumption. Similar cross-layer design problems
have also been studied by [4] and [19] in which the authors
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presented both integer linear programming formulations and
fast heuristics for the considered problems.

3 System model

In this paper, we study a multi-radio wireless mesh back-
bone network with n stationary wireless mesh routers in
which there are C non-overlapping frequency channels and
each node (mesh router) v is equipped with Qv NICs (1 <

Qv ≤ W ). We consider static channel assignment schemes as
in [2, 13, 17, 18], i.e., a channel assignment is pre-determined
and will not be changed during communications. We con-
sider a scheduling-based MAC layer, i.e., the time domain is
divided into time slots with equal constant durations, which
are further grouped into frames of L time slots each. In
the physical layer, omni-directional antennas are used for
communications. The transmission power of a NIC can be
adjusted within a given range [0, Pmax]. However, it will re-
main the same within one time slot. Each NIC transmits at the
same fixed rate among all channels. As in all related works,
we assume half-duplex operation at each NIC to prevent self-
interference, and only consider unicast communications. In
addition, two transmissions with a common receiver are not
allowed to be made simultaneously, otherwise a collision
will happen and corrupt the packet reception. We use the
physical model proposed in [10] to model the impact of in-
terference. We say a transmission from a transmitter in node
u can be successfully received by a receiver in node v on a
certain channel at some time instant, if

Guv Puv

N0 + ∑
(x,y)∈τ\{(u,v)} Gxv Pxy

≥ β. (1)

In Inequality (1), τ stands for the set of concurrent trans-
missions; Puv is the power level set at the transmitter of
node u for transmission (u, v); Guv is the channel gain for
node pair (u, v) depending on path loss, channel fading and
shadowing; β is a given threshold determined by some QoS
requirements such as Bit Error Rate (BER); N0 is the thermal
noise power at the receiver of node v which is usually a small
constant. The left hand side of this inequality is normally
called the Signal to Interference and Noise Ratio (SINR) at
the receiver of node v. Note that the SINR constraint (In-
equality (1)) is satisfied at each receiver implies that the
half-duplexing, unicasting and collision-free constraints are
satisfied at each receiver.

A directed graph G(V, E) is used to model the consid-
ered network. Each vertex v ∈ V corresponds to a wireless
mesh node in the network with a known location. There
is a directed link e = (u, v) ∈ E connecting node u and
node v if there exists a power level P ∈ [0, Pmax] such that
Guv P/N0 ≥ β, i.e., a transmission from node u to v can

be successfully made if there is no interference from other
transmissions at the same time.

Multiple available radios complicate the transmission
scheduling. Two neighbor nodes may share more than one
common channels, i.e., a link in G may work on different
channels. So we have to use a link-channel tuple (e, i) to
uniquely denote the transmission along link e on channel i .
Note that even though we need to ensure half-duplex, uni-
cast and collision-free communications in one NIC, two links
sharing one or two common nodes can be active simultane-
ously as long as they work on different channels. For a set
of link-channel tuples having the same channel, we need to
use the SINR constraint in Inequality (1) to determine if they
can be active for transmissions concurrently. Once a net-
work G and a corresponding channel assignment are given,
we can easily identify the set E I of possible link-channel
tuples in G. For example, suppose we have link e = (u, v)
and A(u) ∩ A(v) = {i, j}, then we will obtain two possible
link-channel tuples, (e, i) and (e, j), where A(·) represents
the set of channels assigned to the given node.

4 Problem definition

Now we are ready to formally define the rate allocation prob-
lems. Suppose that we are given a network G(V, E) and a
set of K end-to-end communication sessions. Each session
is specified by a triple (s, t, d), where s is its source node,
t is its destination node and d is its traffic demand. Like
mentioned before, the rate allocation problem is implicitly
coupled with a routing problem, a scheduling problem, a
power control problem and a channel assignment problem.
Hence, in all of the problems to be studied, we seek an end-
to-end rate allocation vector r which specifies the rate rk

for each end-to-end session k, along with a channel assign-
ment A specifying channels assigned to each node, a flow
allocation vector f specifying the amount of traffic f k

ei of ses-
sion k routed through link e on channel i , a frame length L , a
transmission schedule which specifies the set of link-channel
tuples which are active in each time slot, and a power assign-
ment vector specifying the power level of each link-channel
tuple in each time slot.

A channel assignment, a flow allocation vector, a trans-
mission schedule and a power assignment vector are said
to be feasible if (a) the channel assignment A assigns a
certain channel to each NIC and a set A(v) of Qv differ-
ent channels to each node v, where A(v) ⊆ {1, 2, . . . , W };
(b) for each session, the net amount of flow going out of the
source node is equal to the corresponding end-to-end session
rate; (c) for each session, the flow conservation constraint is
satisfied at every node except the source and destination
nodes; (d) on each available link-channel tuple, the aggre-
gated flow is no more than the mean link data rate which
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can be supported by the transmission schedule; and (e) in
each time slot and on each assigned channel, there exists a
power assignment vector, such that every power level is in
the range [0, Pmax] and the SINR constraint in Inequality 1 is
satisfied at the receiving node of each link. A rate allocation
vector is said to be feasible if we can find such a channel
assignment, a flow allocation vector, a transmission sched-
ule, a frame length L and a power assignment vector that are
feasible.

First, we define the Maximum throughput End-to-end
Rate Allocation (MERA) problem as follows.

Definition 1 (MERA). The Maximum throughput End-to-
end Rate Allocation (MERA) problem seeks a feasible end-
to-end rate allocation vector r = [r1, r2, . . . , rK ], along with
a feasible channel assignment, a feasible flow allocation vec-
tor, a feasible transmission schedule, a frame length L and
a feasible power assignment vector such that the network
throughput

∑K
k=1 rk is maximized.

Because there is a traffic demand associated with each
end-to-end communication session, which may or may not
be completely satisfied, we define a new variable called De-
mand Satisfaction Factor (DSF) to address the fairness. The
DSF of a session is defined as the ratio between the rate ac-
tually allocated to that session and its traffic demand, which
indicates how much a traffic demand is satisfied based on
a rate allocation vector. So for each rate allocation vector
r = [r1, r2, . . . , rK ], we have a corresponding DSF vector
α = [α1, α2, . . . , αK ], where αk = rk/dk , 1 ≤ k ≤ K . The
corresponding fair rate allocation problems are defined in
the following.

Definition 2 (MMERA). A feasible end-to-end rate allo-
cation vector r = [r1, r2, . . . , rK ] (α = [α1, α2, . . . , αK ])
is said to be a feasible max-min guaranteed end-to-
end rate allocation vector if for any other feasible end-
to-end rate allocation vector r′ = [r ′

1, r ′
2, . . . , r ′

K ] (α′ =
[α′

1, α
′
2, . . . , α

′
K ]), min{αk |1 ≤ k ≤ K } ≥ min{α′

k |1 ≤ k ≤
K }, where α and α′ are the DSF vector corresponding to
r and r′ respectively. The Max-Min guaranteed maximum
throughput End-to-end Rate Allocation (MMERA) prob-
lem seeks a feasible max-min guaranteed end-to-end rate al-
location vector, along with a feasible channel assignment, a
feasible flow allocation vector, a feasible transmission sched-
ule, a frame length L and a feasible power assignment vector
such that the network throughput

∑K
k=1 rk is maximized.

Definition 3 ( PERA). The Proportional fair End-to-end
Rate Allocation (PERA) problem seeks a end-to-end
feasible rate allocation vector r = [r1, r2, . . . , rK ] (α =
[α1, α2, . . . , αK ]), along with a feasible channel assignment,

a feasible flow allocation vector, a feasible transmission
schedule, a frame length L and a feasible power assign-
ment vector such that the utility function

∑K
k=1 log (αk) is

maximized, where α is the DSF vector corresponding to r.

5 Proposed cross-layer schemes

The optimization problems defined in the last section involve
four network layers. Without knowing the channel assign-
ment, it is hard to determine interference among transmis-
sions to which transmission scheduling and power control
are highly related. Therefore, we propose 3-step heuristic
methods to solve the problems: In the first step, we propose
Linear Programming (LP) and Convex Programming (CP)
formulations for the MERA, MMERA and PERA problems
including the constraints placed by the nodes, channels, NIC,
and the flow and rate feasibility constraints. Note that the rate
allocation given by these LP and CP formulations may not be
achievable because the wireless interference is not given full
consideration in this phase. However, they can give upper
bounds on performances such as the maximum throughput
and the max-min DSF. More importantly, the flow allocation
computed by solving the LPs or CP, can provide a guidance
for the channel assignment. So based on them, we propose a
channel assignment algorithm. In the second step, we iden-
tify a set of transmission modes and compute their corre-
sponding power assignments based on the channel assign-
ment determined in the first step. Here, each transmission
mode corresponds to a set of link-channel tuples which can
be scheduled for transmissions in one time slot. The concept
of transmission mode is proposed to assist the computation
of transmission schedule. In the third step, we present LP
and CP formulations to provide rate allocation, routing and
scheduling solutions based on the channel assignment and
the transmission modes computed in the previous two steps.

5.1 Channel assignment

In this section, we will first present LP and CP formulations
to provide solutions which can be used as the guidance for
channel assignment. Then we will present the corresponding
channel assignment algorithm.

We define rate allocation variables rk and DSF variables
αk to specify rate allocated to communication session k and
the corresponding DSF value respectively. We also have flow
allocation variables f k

ei specifying the amount of flow for
session k going through link e on channel i . We only allow
non-negative values for those variables.

We present an LP formulation LP1 to obtain approximate
solutions of the MERA problem. In this formulation, Eout

v ,
E in

v and Ev denote the set of outgoing, incoming and incident
edges of node v ∈ V . ce, dk and Qv are given parameters,
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and represent the capacity of link e, the traffic demand of
session k and the number of NICs in node v respectively.

LP1:

max
K∑

k=1

rk (2)

subject to:

∑

e∈Eout
sk

C∑

i=1

f k
ei −

∑

e∈E in
sk

C∑

i=1

f k
ei = rk, 1 ≤ k ≤ K ; (3)

∑

e∈Eout
v

C∑

i=1

f k
ei −

∑

e∈E in
v

C∑

i=1

f k
ei = 0,

1 ≤ k ≤ K ,∀v ∈ V \ {sk, tk}; (4)

∑

e∈Ev

∑K
k=1 f k

ei

ce
≤ 1, ∀v ∈ V, 1 ≤ i ≤ C ; (5)

C∑

i=1

∑

e∈Ev

∑K
k=1 f k

ei

ce
≤ Qv, ∀v ∈ V ; (6)

f k
ei ≥ 0, ∀e ∈ E, 1 ≤ i ≤ C, 1 ≤ k ≤ K ; (7)

0 ≤ rk ≤ dk, 1 ≤ k ≤ K . (8)

Constraints (3)–(4) in LP1 are corresponding to the flow
feasibility constraints (b) and (c) described in the last section
respectively. In order to explain the other two constraints, we
define a new variable xt

ei whose value is 1 if link e is active
on channel i in time slot t , and whose value is 0, otherwise.
Then we shall have the following two inequalities.

∑

e∈Ev

xt
ei ≤ 1, 1 ≤ t ≤ L , 1 ≤ i ≤ C,∀v ∈ V ; (9)

C∑

i=1

∑

e∈Ev

xt
ei ≤ Qv, 1 ≤ t ≤ L ,∀v ∈ V . (10)

Inequality (9), i.e., in each node, at most one link can be
active for transmissions on a certain channel at one time,
is due to the fact that channels assigned to NICs in one
node must be different, and the half-duplexing, unicasting
and collision-free constraints in each NIC we mentioned be-
fore. We have Inequality (10) because there are Qv NICs in
node v. The mean flow over link e on channel i is given by
fei = ∑K

k=1 f k
ei = ce · (

∑L
t=1 xt

ei )/L . Hence, we have Con-
straints (5) and (6) in LP1. The objective of LP1 is to max-
imize network throughput. Here, the scheduling and power
control constraints are not included in the formulation be-
cause the channel assignment is not known so far. We use
this formulation to provide an upper bound on the maximum
achievable throughput and provide an approximate flow al-
location to guide channel assignment.

LP2:

max α (11)

subject to:

Constraints (4)−(7);
(

∑

e∈Eout
sk

C∑

i=1

f k
ei −

∑

e∈E in
sk

C∑

i=1

f k
ei

)/

dk = αk, 1 ≤ k ≤ K ;

(12)

α ≤ αk ≤ 1, 1 ≤ k ≤ K . (13)

LP3(α):

max
K∑

k=1

rk

subject to:

Constraints (3)−(7);

αdk ≤ rk ≤ dk, 1 ≤ k ≤ K . (14)

In order to obtain an approximate solution of the MMERA
problem, we need to solve two LPs sequentially. First, we
solve LP2 and obtain the max-min DSF value α which is
ensured by Constraint (13) and the objective function of
LP2. Similar to the previous formulation, the computed α

can serve as an upper bound on the max-min DSF value.
Then we feed this max-min DSF value α as a parameter to
LP3(α) to obtain an approximate MMERA solution.

The PERA problem has almost the same set of linear
constraints as the MERA and MMERA problems and its
objective is to maximize a concave utility function. There-
fore, we can formulate and solve a CP (CP1) to obtain the
approximate solution.

CP1:

max
K∑

k=1

log(αk) (15)

subject to:

Constraints (4)−(7), (12);

0 ≤ αk ≤ 1, 1 ≤ k ≤ K . (16)

The channel assignment algorithm is formally presented
as Algorithm 1. In this algorithm, fe denotes the aggre-
gated flow on link e which is given by the flow allocation
solution computed by solving the above LPs or CP. During
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the execution of the algorithm, NC records the number of
common channels in nodes u and v, and Nu and Nv record
the number of available NICs in node u and v respectively.
N represents the number of required channels which is de-
termined by the corresponding flow allocation value in the
selected link e and the numbers of available NICs in its end
nodes. The interference weight of a particular channel is de-
fined as WI (i) = ∑

l∈E\{e} f i
l · Gs(l)t(e), where f i

l records the
flow through link l on channel i ; s(l), t(e) and Gs(l)t(e) de-
note the transmitting node of link l, the receiving node of
link e and the corresponding channel gain respectively. Ev-
ery time when assigning a channel i to a link e, we imagine
ci

e amount of flow is allocated on link-channel tuple (e, i).
The link-channel tuple flow values ( f i

l ) are all initialized
to 0 and will be updated during the execution of the chan-
nel assignment algorithm. The purpose of choosing channels
with the smallest interference weight is to make the channels

Algorithm 1. Channel assignment

Step 1 A(v) := ∅, ∀ v ∈ V .
Step 2 Select the links in G one by one in the descending order of their flow allocation values.

For each selected link e = (u, v), update A(u) and A(v) as follows: NC := |A(u) ∩ A(v)|;
N := min{|
 fe/ce� − NC |, |Qu − NC |, |Qv − NC |}; Nu := Qu − |A(u)|; Nv := Qv − |A(v)|;
if (N > 0 and Nu > 0 and Nv > 0)

Nmin := min{Nu, Nv, N }; Add Nmin channels with the smallest interference weights to A(v)
and A(u); N := N − Nmin; Nu := Nu − Nmin; Nv := Nv − Nmin;

end if
if (N > 0 and Nu > 0 and Nv = 0)

Nmin := min{Nu, N , |A(v) \ A(u)|}; Add Nmin channels in Nv with the smallest interference
weights to A(u); N := N − Nmin; Nu := Nu − Nmin;

else if (N > 0 and Nv > 0 and Nu = 0)
Nmin := min{Nv, N , |A(u) \ A(v)|}; Add Nmin channels in Nu with the smallest interference
weights to A(v); N := N − Nmin; Nv := Nv − Nmin;

end if
if (N > 0 and Nu = 0 and Nv = 0)

while (N > 0)
Let i be the channel with the smallest interference weight among channels in A(u)

⋃
A(v).

WLOG, assume that i ∈ A(u). Let i ′ �= i be a channel in A(v) with the largest interference
weights. Replace i ′ in A(v) by i . For every link (v,w) already considered such that the
change of A(v) makes A(v)

⋂
A(w) = ∅ (this implies i ′ ∈ A(w)), replace i ′ in A(w) by i .

This replacement may be performed multiple times.
N := N − 1;

endwhile
end if

Step 3 Assign nodes having unassigned NICs with the channels having the smallest interference weights
among channels assigned to their neighboring nodes.

assigned to spatially close nodes as different as possible.
Note that in the replacement procedure of Step 2, we always
use the selected channel i to replace a channel with the
largest interference weight. In the worst-case, the algorithm
will eventually stop after passing through all n nodes and
return to node u.

5.2 Transmission modes and power control

Based on the channel assignment computed by Algorithm 1,
we can easily identify all link-channel tuples in the net-
work G. We denote such link-channel tuple set as E I . In
order to compute the transmission schedule, we define a set
of transmission modes, each of which includes a subset of
link-channel tuples that can be active for concurrent trans-
missions. Here, we introduce a T × m scheduling matrix � to
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represent the set of transmission modes, where T is the num-
ber of transmission modes and m is the cardinality of the
complete link-channel tuple set. Each row of the matrix cor-
responds to a transmission mode. If transmission mode t
includes link-channel (e, i), we have �t

ei = 1. Otherwise,
�t

ei = 0. We always append a special all-zero row at the end
of � which corresponds to a transmission mode including no
link-channel tuple.

The mean data rate of link-tuple (e, i) can be obtained
as

∑
t :�t

ei =1 pt ce, where pt is the fraction of time that trans-
mission mode t is activated and ce is the capacity of link
e. According to a scheduling-based MAC protocol, a trans-
mission mode is activated in each time slot. Suppose that
we know all possible transmission modes. The transmission
scheduling problem in the MAC layer is to determine the
frame length L and the number of active time slots in one
frame for each transmission mode. Actually, we can calcu-
late a frame length by finding the smallest positive integer
L such that pt · L is an integer for every transmission mode.
Correspondingly, transmission mode t should be activated
in pt · L time slots. Therefore, the scheduling problem is
further transformed into a problem of computing the time
fraction for each transmission mode. However, it may be
impossible to find such an integer L since pt could be an ir-
rational number. In this case, pt can be rounded up to obtain
an frame length L , which will be a very close approximation.

The number of all possible transmission modes grows ex-
ponentially with the number of link-channel tuples. To our
best knowledge, there does not exist a polynomial time al-
gorithm which can identify all possible transmission modes
based on the physical interference model in the literature.
Therefore, we present a heuristic algorithm, Algorithm 2, to
find a “good” subset of all possible transmission modes. Intu-
itively speaking, a good subset should cover all link-channel
tuples and the number of times every tuple is included in
certain transmission modes should be evenly distributed.

In Algorithm 2, TM represents a transmission mode. Z is
output as the computed subset of all possible transmission
modes. Step 2 makes sure that every available link-channel
tuple is covered by Z at least once. Furthermore, there is a
weight variable, W i

e , associated with each link-channel tuple,
and recording how many times it is included in Z during the
execution of the algorithm. The link-channel tuple with the
smallest weight value will be selected into TM , which helps
to create a relatively even distribution of the number of times
a particular link-channel tuple is selected.

LP4(h, E j ) is used to verify if link h and the existing set
of links in TM working on channel j (E j ) can be simultane-
ously active on channel j . Eventually, the solution given by
LP4(h, E j ) can be used as the power assignment for the cor-
responding transmission mode. Even though we only need
a feasible power assignment or need to test if there exists
a feasible solution, it is always good to minimize the total

Algorithm 2. Finding transmission mode set

Step 1 Z := Ø; i := 1; W i
e := 0,∀(e, i) ∈ E I ;

Step 2 while (i <= ω)
TM := Ø;
forall ((e, i) ∈ E I )
Add (e, i) to TM ; W i

e := W i
e + 1;

do Add (h, j) �= (e, i) to TM ,
s.t. L P4(h, E j ) has a feasible solution

and W j
h is minimum among all

link-channel tuples not in TM ;
W j

h := W j
h + 1;

until no more link-channel tuple can be added to
TM ;

if (TM /∈ Z )
Z := Z ∪ {TM};

end if
endforall
i := i + 1;

endwhile
Step 3 output Z ;

power consumption which is achieved by the objective func-
tion (17). Constraint (18) is the SINR constraint (1) which is
described in the system model. Here, s(l) and t(l) stand for
the transmitting and receiving nodes of link l respectively.
Constraint (19) ensures that each computed power level is in
the range [0, Pmax].

LP4(h, E j ):

min
∑

l∈E j ∪{h}
Pl (17)

subject to:

Gs(l)t(l) Pl − β
∑

q∈E j ∪{h}\{l}
Gs(q)t(l) Pq − βN0 ≥ 0,

∀l ∈ E j ∪ {h}; (18)

0 ≤ Pl ≤ Pmax, ∀l ∈ E j ∪ {h}. (19)

In Step 2 of Algorithm 2, ω is a tunable parameter. We
observe that the larger the ω is, the more transmission modes
will be added into Z , which will make the final solutions
closer to the optimal ones at the cost of increasing the time
complexities of our schemes.

5.3 Rate allocation

In this section, we present LP and CP formulations for the
MERA, MMERA and PERA problems based on the set of
transmission modes computed in the second step and the
channel assignment computed in the first step.
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LP5: MERA

max
K∑

k=1

rk

subject to:
(

∑

(e,i)∈E I out
sk

f k
ei −

∑

(e,i)∈E I in
sk

f k
ei

)

= rk, 1 ≤ k ≤ K ; (20)

∑

(e,i)∈E I out
v

f k
ei −

∑

(e,i)∈E I in
v

f k
ei = 0,

1 ≤ k ≤ K , ∀v ∈ V \ {sk, tk}; (21)
K∑

k=1

f k
ei ≤

∑

t :�t
ei =1

pt ce, ∀(e, i) ∈ E I ; (22)

T∑

t=1

pt = 1; (23)

f k
ei ≥ 0, ∀(e, i) ∈ E I, 1 ≤ k ≤ K ; (24)

0 ≤ rk ≤ dk, 1 ≤ k ≤ K .

In the above LP formulation, we have the aforementioned
rate allocation variables rk and flow allocation variables
f k
ei and the transmission schedule variables pt . E I out

v ,
E I in

v and E Iv denote the set of link-channel tuples whose
corresponding links are the outgoing, incoming and incident
links of node v ∈ V respectively. Similar to LP1, Constraints
(20) and (21) correspond to the flow feasibility constraints.
Constraint (22) guarantees that the mean data rate of a
specific link on a certain channel given by the transmission
schedule is large enough to support the amount of traffic
going through that link on that channel. Obviously, since
pt is the fraction of time using transmission mode t , the
summation of the values of pt should be equal to 1, which
is ensured by Constraint (23).

Similar as LP2, LP3, we use LP6 to find max-min
rate allocation value α first and then solve LP7(α) which
takes α as a parameter to compute the max-min guaranteed
maximum throughput rate allocation. In addition, we present
a CP formulation, CP2, to compute the proportional fair rate
allocation.

LP6:

max α

subject to:

Constraints (21)−(24);
(

∑

(e,i)∈E I out
sk

f k
ei −

∑

(e,i)∈E I in
sk

f k
ei

)/

dk = αk, 1 ≤ k ≤ K ;

(25)

α ≤ αk ≤ 1, 1 ≤ k ≤ K .

LP7(α): MMERA

max
K∑

k=1

rk

subject to:

Constraints (20)−(24);

αdk ≤ rk ≤ dk, 1 ≤ k ≤ K .

CP2: PERA

max
K∑

k=1

log(αk)

subject to:

Constraints (21)−(25);

0 ≤ αk ≤ 1, 1 ≤ k ≤ K .

In summary, our MERA scheme is to 1) apply Algorithm 1
to compute a channel assignment based on the flow alloca-
tion given by solving LP1; 2) use Algorithm 2 to find a set of
transmission modes and their corresponding power assign-
ments according to the channel assignment computed in 1);
3) solve LP5 to find a rate allocation, a flow allocation and
a scheduling solution for the MERA problem. Similarly, our
MMERA (PERA) scheme is to apply Algorithm 1 based on
LP2 and LP3 (CP1), use Algorithm 2, and then solve LP6
and LP7 (CP2).

6 Numerical results

In this section, we illustrate the performances of the three
cross-layer schemes by numerical results. In our simula-
tions, we consider wireless networks with static nodes ran-
domly located in a 1200 × 1200 m2 region. The maximum
transmission power is set to Pmax = 300 mW. The thermal
noise power is set to N0 = −90 dBm. The SINR threshold
is set to β = 10 dB. The channel gain, Guv is set to 1/d4

uv ,
where duv is the Euclidean distance between node u and
node v. For each simulation scenario, we generate end-to-end
communication sessions with random source and destination
nodes. The traffic demand for each communication session
(dk) is given by a random number uniformly distributed in
[0.2c, 0.6c], where c is the link capacity. We solve all LPs
using CPLEX 9.0 [15]. We implement the barrier method
introduced in Chapter 11 of [5] to solve all CPs and set
the related parameters as follows: ε = 10−3, µ = 120 and
t (0) = 2.
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Fig. 1 DSF: Scenario 1 (n = 10, K = 15, C = 3, Q = 2, c = 11)
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Fig. 2 DSF: Scenario 2 (n = 15, K = 15, C = 3, Q = 2, c = 11)

We evaluate the performance of the three rate allocation
schemes in terms of the DSF value of each session (αk) and
network throughput (

∑K
k=1 rk). We also compare the com-

puted throughput and max-min DSF values against the corre-
sponding upper bounds. For the MERA and PERA scheme,
the upper bound ratio is defined as the ratio between the ac-
tual throughput and its corresponding upper bound obtained
by solving LP1 or CP1. For the MMERA scheme, the upper
bound ratio is defined as the ratio between the actual max-
min DSF value and its corresponding upper bound given by
solving LP2 and LP3.

We evaluate the performance of the proposed schemes
under different settings, i.e., different network sizes (n), dif-
ferent number of end-to-end sessions (K ), different numbers
of available channels (C), different numbers of NICs (Q) in
each node, and different link capacities (c). The simulation
results are presented in the following figures. In Figs. 1–5,
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Fig. 3 DSF: Scenario 3 (n = 15, K = 20, C = 3, Q = 2, c = 11)
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Fig. 4 DSF: Scenario 4 (n = 10, K = 15, C = 5, Q = 2, c = 54)
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Fig. 5 DSF: Scenario 5 (n = 10, K = 15, C = 5, Q = 3, c = 54)
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Fig. 6 Network throughput

the communication sessions are sorted in the non-descending
order of their DSF values.

We make the following observations from the numerical
results:

� From Figs. 1–5, we observe that the MERA scheme results
in a severe unfairness on rate allocation in all scenarios
as expected. In each scenario, some sessions obtain very
large DSF values which are equal to or close to 1, how-
ever, other sessions obtain very small DSF values which
are equal to or close to 0. For example, from Fig. 2, we
can see that the DSF values of about half of the sessions
are below 0.3. However, the other half of the sessions
achieve very large DSF values (DSF values of 6 sessions
are equal to 1). A very sharp increase can be clearly seen
from the corresponding curve in the figure. The MMERA
scheme performs best in terms of fairness. As expected,
it achieves the max-min DSF values among these three
schemes and the DSF of every session is almost the same.
In addition, we observe that the PERA scheme obtains
much fairer rate allocation than the MERA scheme. In
all scenarios, the minimum DSF values obtained by the
PERA scheme are always larger than those obtained by
the MERA scheme. Furthermore, the curves correspond-
ing to the PERA scheme are much smoother than those
corresponding to the MERA scheme.

� With regards to network throughput, the PERA scheme is
surprisingly good, which can be seen from Fig. 6. Com-
pared with the MERA scheme, the PERA scheme pro-
vides comparable throughput in Scenarios 1, 2 and 3, and
achieves even higher throughput in Scenarios 4 and 5.
This is possible because our MERA scheme is a heuris-
tic scheme which does not guarantee to find the maxi-
mum throughput solutions even though its objective is to
maximize the throughput. On average, these two schemes
lead to almost the same network throughput. However, the
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Fig. 7 Upper bound ratio

MMERA scheme performs poorly in every scenario. Its av-
erage throughput is only 77% of that of the PERA scheme.

� From Figs. 1, 4 and 5, we can see that the network
throughput and the rate allocated to each session are
substantially improved with the increase of network
resources such as NIC, number of channels and link
capacity. However, with the network resources fixed,
increasing the network size or the number of sessions
will not lead to noticeable change on network throughput,
which can be observed from Figs. 1–3.

� From Fig. 7, we can see that both the MERA and PERA
schemes perform very well in terms of the upper bound
ratio. For the cases in which the networks have relative rich
resources (Scenarios 4 and 5), the ratios given by them are
larger than 0.6 and become even close to 0.8 in Scenario 5.

7 Conclusions

In this paper, we have studied the joint rate allocation,
routing, scheduling, power control and channel assignment
problems in multi-radio WMNs. We presented three effi-
cient cross-layer schemes to solve the Maximum throughput
Rate Allocation (MERA), Max-Min guaranteed maximum
throughput Rate Allocation (MMERA) and Proportional fair
Rate Allocation (PERA) problems respectively. Our schemes
can provide not only upper bounds on the maximum through-
put and max-min DSF values, but also optimal joint rate allo-
cation, routing and scheduling solutions if the transmission
modes and the channel assignment are given. Numerical re-
sults show that the PERA scheme achieves a good tradeoff
between throughput and fairness. Moreover, the throughput
obtained by our MERA and PERA schemes are quite close
to the corresponding upper bounds.

Springer



Wireless Netw

Acknowledgments This research is supported in part by ARO grant
W911NF-04-1-0385 and NSF grant CCF-0431167. The information
reported here does not reflect the position or the policy of the federal
government.

References

1. I.F. Akyildiz, X. Wang and W. Wang, Wireless mesh networks: a
survey, Elsevier Journal of Computer Networks 47 (March 2005)
445–487.

2. M. Alicherry, R. Bhatia and L. Li, Joint channel assignment and
routing for throughput optimization in multi-radio wireless mesh
networks, in: Proceedings of ACM MobiCom (September 2005)
pp. 58–72.

3. M.S. Bazaraa, J.J. Jarvis and H.D. Sherali, Linear Programming
and Network Flows 3rd edn. (John Wiley & Sons, Hoboken, NJ,
2005).

4. A. Behzad and I. Rubin, Multiple access protocol for power con-
trolled wireless access nets, IEEE Transactions on Mobile Com-
puting 3 (October 2004) 307–316.

5. S. Boyd and L. Vandenberghe, Convex Optimization (Cambridge
University Press, New York, NY, 2004).

6. L. Chen, S.H. Low and J.C. Doyle, Joint congestion control
and media access control design for ad hoc wireless networks,
in: Proceedings of IEEE INFOCOM (March 2005) pp. 2212–
2222.

7. M. Chiang, Balancing transport and physical layers in wireless
multihop networks: jointly optimal congestion control and power
control, IEEE Journal on Selected Areas in Communicatons (JSAC)
23 (January 2005) 104–116.

8. R. Draves, J. Padhye and B. Zill, Routing in multi-radio, multi-
hop wireless mesh networks, in: Proceedings of ACM MobiCom
(September 2004) pp. 114–128.

9. T. ElBatt and A. Ephremides, Joint scheduling and power Control
for wireless ad hoc networks, in: Proceedings of IEEE INFOCOM
(March 2002) pp. 976–984.

10. P. Gupta and P.R. Kumar, The capacity of wireless networks, IEEE
Transactions on Information Theory 46 (March 2000) 388–404.

11. Y.T. Hou, Y. Shi and H.D. Sherali, Rate allocation in wireless sensor
networks with network lifetime requirement, in: Proceedings of
ACM MobiHoc (May 2004) pp. 67–77.

12. K. Jain, J. Padhye, V. Padmanabhan and L. Qiu, Impact on interfer-
ence on multihop wireless network performance, in: Proceedings
of ACM MobiCom (September 2003) pp. 66–80.

13. M. Kodialam and T. Nandagopal, Characterizing the capacity re-
gion in multi-radio multi-channel wireless mesh networks, in: Pro-
ceedings of ACM MobiCom (September 2005) pp. 73–87.

14. IEEE 802.16 Working Group, Air Interface For Fixed Broadband
Wireless Access Systems (IEEE, Washington, D.C., 2004).

15. ILOG Software Inc., CPLEX 9.0, Available at http://www.ilog
.com/products/cplex/news/whatsnew.cfm#cplex90

16. B. Li, End-to-end fair bandwidth allocation in multi-hop wireless
ad hoc networks, in: Proceedings of IEEE ICDCS (June 2005) pp.
471–480.

17. A. Raniwala and T. Chiueh, Architecture and algorithms for an
IEEE 802.11-based multi-channel wireless mesh network, in: Pro-
ceedings of IEEE INFOCOM (March 2005) pp. 2223–2234.

18. A. Raniwala, K. Gopalan and T. Chiueh, Centralized channel as-
signment and routing algorithms for multi-channel wireless mesh
networks, ACM Mobile Computing and Communications Review
(MC2R) 8 (April 2004) 50–65.

19. J. Tang, G. Xue, C. Chandler and W. Zhang, Link scheduling with
power control for throughput enhancement in multihop wireless

networks, IEEE Transactions on Vehicular Technology (TVT) 55
(May 2006) 733–742.

20. J. Tang, G. Xue and W. Zhang, Interference-aware topology con-
trol and QoS routing in multi-channel wireless mesh networks, in:
Proceedings of ACM MobiHoc (May 2005) pp. 68–77.

21. J. Tang, G. Xue and W. Zhang, Maximum throughput and fair
bandwidth allocation in multi-channel wireless mesh networks, in:
Proceedings of IEEE INFOCOM (April 2006).

22. X. Wang and K. Kar, Cross-layer rate control for end-to-end pro-
portional fairness in wireless networks with random access, in:
Proceedings of ACM MobiHoc (May 2005) pp. 158–168.

23. J. Zhang, H. Wu, Q. Zhang and B. Li, Joint routing and schedul-
ing in multi-radio multi-channel multi-hop wireless networks, in:
Proceedings of IEEE BROADNETS (October 2005) pp. 678–687.

Jian Tang is an assistant professor in the Department of Computer
Science at Montana State University. He received the Ph.D. degree in
Computer Science from Arizona State University in 2006. His research
interest is in the area of wireless networking and mobile computing.
He has served on the technical program committees of multiple inter-
national conferences, including ICC, Globecom, IPCCC and QShine.
He will also serve as a publicity co-chair of International Confer-
ence on Autonomic Computing and Communication Systems (Auto-
nomics’2007).

Guoliang Xue is a Full Professor in the Department of Computer
Science and Engineering at Arizona State University. He received the
Ph.D. degree in Computer Science from the University of Minnesota
in 1991 and has held previous positions at the Army High Perfor-
mance Computing Research Center and the University of Vermont. His
research interests include efficient algorithms for optimization prob-
lems in networking, with applications to fault tolerance, robustness,
and privacy issues in networks ranging from WDM optical networks
to wireless ad hoc and sensor networks. He has published over 150
papers in these areas. His research has been continuously supported
by federal agencies including NSF and ARO. He is the recipient of
an NSF Research Initiation Award in 1994 and an NSF-ITR Award in
2003. He is an Associate Editor of Computer Networks (COMNET),
the IEEE Network Magazine, and Journal of Global Optimization. He
has served on the executive/program committees of many IEEE con-
ferences, including INFOCOM, SECON, IWQOS, ICC, GLOBECOM
and QShine. He is the General Chair of IEEE IPCCC’2005, a TPC co-
Chair of IPCCC’2003, HPSR’2004, IEEE Globecom’2006 Symposium

Springer



Wireless Netw

on Wireless Ad Hoc and Sensor Networks, IEEE ICC’2007 Symposium
on Wireless Ad Hoc and Sensor Networks, and QShine’2007. He is a
senior member of IEEE.

Weiyi Zhang received the M.E. degree in 1999 from Southeast Uni-
versity, China. Currently he is a Ph.D. student in the Department of
Computer Science and Engineering at Arizona State University. His
research interests include reliable communication in networking, pro-
tection and restoration in WDM networks, and QoS provisioning in
communication networks.

Springer



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


