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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
which can jointly solve rate allocation, channel assignment,
routing, scheduling and power control problems in multi-
ple layers. Specifically, a Linear Programming (LP) based
scheme is presented to compute end-to-end rate allocation
with the goal of maximizing network throughput. As sim-
ple throughput maximization may lead to a severe bias on
rate allocation, we take fairness into consideration based
on a parameter named Demand Satisfaction Factor (DSF),
and two fairness models, a simplified max-min fairness
model and the well-known proportional fairness model. We
propose LP-based and Convex Programming (CP) based
schemes to compute fair end-to-end rate allocation. Our
schemes can provide upper bounds on achievable network
throughput and max-min DSF values. Numerical results
show that our proportional fair rate allocation scheme
achieves a good tradeoff between throughput and fairness.

Keywords. Wireless mesh network, cross-layer
design, rate alocation, channel assignment, routing,
scheduling, power control, fairness, QoS.

. INTRODUCTION

A Wireless Mesh Network (WMN) is composed
of wireless mesh routers and mesh clients ([1]).
Wireless mesh routers form a multihop wireless
network which serves as the backbone to provide
network access for mesh clients. WMNs can be
deployed in either the city or the rural areas to
provide a large range of wireless coverage. In the
future, various attractive applications, such as broad-
band Internet access, distributed information sharing
and storage, and different multimedia applications,
are expected to be provided at very low costs in
WMNs. WMNs are quite different from the well
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studied mobile ad hoc networks and wireless sensor
networks in which mobility support and power effi-
ciency are always major concerns because wireless
mesh routers are usualy stationary and directly
connected with AC power. The most critical issue of
aWMN is network throughput since amost al of its
potential applications require the network to deliver
a high volume of traffic efficiently. Every time when
we talk about throughput, fairness must be taken
into consideration, otherwise we may end up with a
serious bias on network resource allocation, which
has been shown by previous research ([8]).

Compared with wired networks, a wireless net-
work normally has lower network throughput due
to the existence of wireless interference which
prohibits simultaneous transmissions in a com-
mon neighborhood. An efficient method to improve
throughput of wireless networks is to use multiple
radios, i.e., to equip each wireless node with multi-
ple Network Interface Cards (NICs) and tune them
to different frequency channels ([15], [16]). Fortu-
nately, there are multiple non-overlapping frequency
channels available in either the 2.4GHz or the 5GHz
band ([9], [10]). In a multi-radio wireless network,
there is usually no interference among concurrent
transmissions within a common neighborhood as
long as they work on different channels. However, in
order to make full use of available NICs and chan-
nels, we have to consider the channel assignment
problem which has not been well addressed before
and is a hard problem ([16]).

In this paper, we study a static network design
problem, the end-to-end rate allocation problem, for
a given set of communication sessions in multi-
radio wireless networks with the objective of ei-
ther maximizing network throughput or achieving
certain fairness. We propose efficient cross-layer
schemes to jointly compute rate allocations and cor-
responding channel assignments, flow allocations,
transmission schedules and power assignments to
achieve the computed rate allocations. To our best
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knowledge, this is the first work addressing the
joint rate alocation, channel assignment, routing,
scheduling and power control problems in multihop
multi-radio WMNs and proposing efficient cross-
layer schemes. We propose an LP-based scheme
to solve the Maximum throughput Rate Allocation
(MRA) problem. We use the Demand Satisfaction
Factor (DSF) defined in [17] to characterize the
fairness. Based on this, we define the Max-Min
guaranteed Maximum throughput Rate Allocation
(MMRA) and the Proportional fair Rate Allocation
(PRA) problems. Correspondingly, we propose an
L P-based scheme and a CP-based scheme to solve
them respectively. Our schemes can provide upper
bounds on achievable throughput and max-min DSF
values. Moreover, for a given channel assignment
and a set of given transmission modes, our schemes
can provide corresponding optimal rate alocation,
routing and scheduling solutions, which will be
explained in detail later.

The rest of this paper is organized as follows. We
discuss related work in Section 1. We describe the
system model in Section |11 and define the problems
in Section IV. The three cross-layer schemes and
the corresponding numerical results are presented in
Section V and Section VI, respectively. We conclude
the paper in Section VII.

Il. RELATED WORK

Multi-radio multihop wireless networks have at-
tracted extensive research attentions recently due
to its potential applications in the future. Draves
et al. in [6] presented a new routing metric,
Expected Transmission Time/Weighted Cumulative
ETT (ETT/WCETT), and a corresponding Multi-
Radio Link-Quality Source Routing (MR-LQSR)
protocol to find high-throughput paths in multi-
radio multihop wireless networks. In [15] and [16],
the authors proposed one of the first 802.11-based
multi-radio WMN architectures and developed a set
of centralized and distributed channel assignment
and routing heuristics. In [18], Tang et al. presented
efficient schemes to compute maximum throughput
and fair bandwidth allocation in multi-radio WMNs.
In [2], Alicherry et al. proposed a constant-bound
approximation algorithm to jointly compute channel
assignment, routing and scheduling solutions for
fair rate allocation in multi-radio WMNSs. The au-
thors of [11] studied a similar problem and derived

upper bounds on the achievable throughput using
a fast primal-dual agorithm. Based on that, they
also proposed two channel assignment heuristics.
Zhang et al. in [21] developed a novel column
generation based approach to solve the joint rout-
ing and scheduling problem in multi-radio WMNSs.
In [12], the authors provided asymptotic bounds on
the capacity of multi-channel wireless networks.
Cross-layer approaches have been proposed to
improve performance of single-channel multihop
wireless networks by jointly solving problems in
different layers. The authors of [5] formulated the
joint design of congestion control and media ac-
cess control as a utility maximization problem and
presented two distributed agorithms to solve it.
In [19], Wang and Kar proposed primal and dual
based algorithms to compute proportional fair end-
to-end rate alocation in a multihop Aloha-based
wireless network. Li in [14] considered end-to-end
rate alocation in wireless ad hoc networks and
proposed algorithms to distribute resources among
multihop flows with the objective of improving
both throughput and fairness. In [8], Hou et al.
developed a polynomial time algorithm, to calculate
lexicographic max-min fair rate alocation in two-
tiered wireless sensor networks. Wu et al. in [20]
presented a cross-layer approach for multicast com-
munications in wireless ad hoc networks.

I1l. SYSTEM MODEL

In this paper, we study a multi-radio wireless
mesh backbone network with » stationary wire-
less mesh routers in which there are totally C
non-overlapping frequency channels and each node
(mesh router) v is equipped with @, NICs (1 <
@, < W). We consider static channel assignment
schemesasin[2], [11], [15], [16], i.e., a channel as-
signment is pre-determined and will not be changed
during communications.

We consider 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 dots each. In the physica
layer, omni-directional antennas are assumed to be
used for communications. The transmission power
of a NIC can be adjusted within a given range
[0, Pqz)- However, it will remain the same within
one time slot. Each NIC transmits at the same fixed
rate among all channels. Like all related work, we



assume half-duplex operation at each NIC to prevent
self-interference, and only consider unicast commu-
nications here. In addition, any two transmissions
with a common receiver are not allowed to be made
simultaneously, otherwise a collision will corrupt
the packet reception. We use the physical model
proposed in [7] to model the impact of interference.
We say a transmission from a transmitter at node
can be successfully received by a receiver at node
» on a certain channel a some time instant, if
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In Inequality (1), = stands for the set of concur-
rent transmissions; P,, is the power level set at the
transmitter of node « for transmission (u,v); G,
is the channel gain for node pair (u,v) depend-
ing on path loss, channel fading and shadowing;
S is a given threshold determined by some QoS
requirements such as Bit Error Rate (BER); N; 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 Sgnal to
Interference and Noise Ratio (SNR) at the receiver
of node v. Note that the SINR constraint (Inequality
(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, F) is used to model the
considered network. Each vertex v € V' corresponds
to a wireless mesh node in the network with a
known location. Thereisadirected link e = (u,v) €
E connecting node « and node v if there exists a
power level P € [0, P,,.,] such that G, P/Ny >
S, i.e., a transmission from node « to v can be
successfully made if there is no interference from
other transmissions at the same time.

Multiple available radios complicate the trans-
mission scheduling. Two neighbor nodes may share
more than one common channels, i.e.,, alink 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, unicast
and collision-free communications in one NIC, two
links sharing one or two common nodes can be
active for transmission 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 (1) to determine if they can be active
for transmissions concurrently. Once a network G
and a corresponding channel assignment are given,
we can easily identify the set F1 of possible link-
channel tuplesin GG. For example, suppose we have
link e = (u,v) and A(u) () A(v) = {i,7}, then we
will obtain two possible link-channel tuples, (e, 1)
and (e, j).

1V. PROBLEM DEFINITION

Now we are ready to formally define the rate
alocation problems. Suppose that we are given
a network G(V,FE) and a set of K end-to-end
communication sessions. Each session is specified
by a triple (s, ¢, d), where s is its source node, ¢
is its destination node and d is its traffic demand.
Like mentioned before, the rate allocation problem
is implicitly coupled with a channel assignment
problem, a routing problem, a scheduling problem
and a power control problem. Hence, in all of our
optimization problems, we seek an end-to-end rate
alocation vector r which specifies the rate r;, for
each session £, along with a channel assignment .4
specifying channels assigned to each node, a flow
alocation vector f specifying the amount of traffic

% of session k routed through link ¢ on channel
1, a frame length L, a transmission schedule which
specifies the set of link-channel tuples active in each
time slot and a power assignment vector specifying
power level of each link-channel tuple in each time
sot.

A channel assignment, a flow allocation vector,
a transmission 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 @, different channels to
each node v, where A(v) C {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; (¢) 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 aggregated
flow is no more than the mean link data rate; (e) in
each time slot and on each assigned channel, there
exists a power assignment vector, such that every
power level isin the range [0, P,,,.| and the SINR
constraint in (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 schedule, a
frame length . and a power assignment vector that
are feasible.

First, we give the definition for the Maximum
throughput Rate Allocation (MRA) as follows.

Definition 1 (MRA): The Maximum through-
put Rate Allocation (MRA) problem seeks a feasi-
ble rate alocation vector r = [ry, 9, ..., 7k], @lONg
with a feasible channel assignment, a feasible flow
allocation vector, a feasible transmission schedule,
a frame length L. and a feasible power assignment
vector such that the network throughput S°5_ . is
maximized.

Because there is a traffic demand associated with
each communication session, we define a new vari-
able called Demand Satisfaction Factor (DSF) to
address the fairness. The DSF of a session is defined
asthe ratio between the rate 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 given rate allocation vector
r = [ry,7e,...,7k|, We have a corresponding DSF
vector a = [ay, s, ..., ak|, where a;, = rp/dy,
1 < k < K. The corresponding fair rate allocation
problems are defined in the following.

Definition 2 (MMRA): A feasible rate allocation
vector r = [ry,r,...,7x]| (@ = o, @9, ..., ak])
is sad to be a feasble max-min guaranteed
rate allocation vector if for any other feasible
rate allocation vector ' = [ri,rh, ... r%] (¢/ =
[af,adb, ... 0% ]), min{op|l < k < K} >
min{a)|l < k < K}, where o and o' are the
DSF vector corresponding to r and r’ respectively.
The Max-Min guaranteed maximum throughput
rate allocation (MMRA) problem seeks a feasible
max-min guaranteed rate allocation vector, aong
with a feasible channel assignment, a feasible flow
allocation vector, a feasible transmission schedule,
a frame length L and a feasible power assignment
vector such that the network throughput S°5  r, is
maximized.

Definition 3 (PRA): The Proportional fair Rate
Allocation (PRA) problem seeks a feasible rate
dlocation vector r = [rq,re,...,75] (@ =
[, a, . .., ac]), dlong with a feasible channel as-
signment, a feasible flow allocation vector, a fea
sible transmission schedule, a frame length I and
a feasible power assignment vector such that the
utility function S"1 . log (cy,) is maximized, where

« 1S the DSF vector corresponding to r.

V. PROPOSED CROSS-LAYER SCHEMES

The optimization problems defined in the last
section involve four network layers. Moreover, with-
out knowing the channel assignment, it is hard
to determine interference between transmissions to
which transmission scheduling and power control
are highly related. Therefore, we propose 3-step
heuristic methods to solve the optimization prob-
lems. In the first step, we propose LP and CP
formulations for the MRA, MMRA and PRA prob-
lems including the constraints placed by the nodes,
channels, NIC, and the flow and rate feasibility
constraints. Note that the computed rate allocation
may not be achievable because the wireless in-
terference is not given full consideration in this
phase. However, it can provide an upper bound
on the achievable network throughput. Under the
guidance of the flow allocation computed by solving
the formulated LPs or CP, we propose a channel
assignment heuristic. Once the channel assignment
is determined, we can identify possible transmis-
sion modes and compute their corresponding power
assignments in the second step. Here, each trans
mission 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 use LP and CP for-
mulations to provide optimal rate allocation, routing
and scheduling solutions based on the channel as-
signment and transmission modes computed in the
previous steps.

A. Channel Assignment

In this section, we will first present LP and CP
formulations which can be used as the guidance
of channel assignment. Then we will present the
corresponding channel assignment heuristic.

We define rate allocation variables r, and DSF
variables «;. to specify rate alocated to communi-
cation session £ and the corresponding DSF value
respectively. We also have flow allocation variables

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

We present an LP formulation (LP1) to obtain
approximate solutions of the MRA problem. In



this formulation, £, E* and E, denote the set
of outgoing, incoming and incident edges of node
v € V. ¢, is the capacity of link e.

LP1:
K
max Zrk 2
k=1
subject to:
C C
DD IE= D D M= 1SESK (9
eEEg;;t =1 eeE;'Z 1=1
C C
DPIEDIPIE
ecEgut =1 ecEin 1=1
1 <k§K, Vo e V\ {5k, te}; (4)
sz L 62<1 YoeV, 1<i<C; (5)
eckE,
3 Zk 1 “<QU, voeV: (6)
i=1 e€E,
E>0,Vec B, 1<i<C, 1<k<K; (7)

0<r,<dy 1<k <K. (8

Congtraints (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, whose value is 1 if link e is active on channel
¢ in time dot ¢, and whose value is 0, otherwise.
Then we shall have the following two inequalities.

iniﬁla 1<t<L1<i<CVveV; (9

eckE,

C
SN a2l <Qu 1<t< LYo eVl (10)
i=1 e€F,

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 before. We
have Inequality (10) because there are ¢, NIC in
node v. The mean flow over link e on channel i is
givenby fo = >, f& = (2, xt;)/ L. Hence,
we have Congtraints (5) and (6) in LP1. The ob-
jective of LP1 isto maximize network throughput.

Here, the scheduling and power control constraints
are not included in the formulation because the
channel assignment is not known so far. We use
this formulation to provide an upper bound on
the maximum achievable network throughput and
provide an approximate flow alocation to guide
channel assignment.

LP2:
max « (11)
subject to:
Constraints (4) — (7);
c c
OIDIFED DD I
ceEg;:t i=1 eeEgz i=1
1<k<K; (12
a<oa <1, 1<kE<K (13
LP3(a):
K
max ZTk
k=1
subject to:
Constraints (3) — (7);
ad, <rp <d, 1< k< K. (14)

In order to approximate optimal solutions of
the MMRA problem, we need to solve two LPs
sequentially. First, we solve LP2 and obtain the
max-min DSF value « which is ensured by Con-
straint (13) and the objective function of LP2.
Similar to the previous formulation, the computed «
can serve as an upper bound on achievable max-min
DSF values. Then we feed this max-min DSF value
«a to LP3(«) to obtain an approximate MMRA
solution. The PRA problem has amost the same
set of linear constraints as the MRA and MMRA
problems and its objective is to maximize a concave
utility function. Therefore, we can formulate and
solve a CP (C'P1) to approximate optimal solutions.
CP1:

K
max Zlog(ak) (15)
k=1
subject to:
Constraints (4) — (7), (12);
0< <1, 1<k<K. (16)



It iswell known both LP and CP can be efficiently
solved ([3], [4]). For simulation purpose, we use a
famous LP/ILP solver, CPLEX 9.0 ([13]) to solve
al LPs. We apply the barrier method (Algorithm
11.1) introduced in Chapter 11 of [4] to solve dll
CPs.

The channel assignment algorithm is formally
presented as Algorithm 1. In this agorithm, f,
denotes the aggregated flow on link e which is
given by the computed flow allocation solution. N
represents the number of common channelsin nodes
u and v. N, and N, record the number of available
NICs in node » and v, respectively. N stands for
the number of required channels determined 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 specific channel
is defined as TW (i) = 3" oy (o) J1 - Gsayece), Where
f} records the flow through link [ on channel i; s({)
and ¢(e) denote the transmitting node of link / and
the receiving node of link e respectively. Every time
when assigning a channel ¢ to a link e, we imagine
¢t amount of flow is allocated on link-channel tuple
(e,4). The link-channel tuple flow values (f;) are
al initialized to 0 and will be updated during the
execution of the channel assignment algorithm. The
purpose of choosing channels with the smallest in-
terference weights is to make the channels 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 w.

B. Transmission Modes and Power Control

Based on the channel assignment computed by
Algorithm 1, we can easily identify all link-channel
tuples in the network G. We denote such link-
channel tuple set as E7. In order to compute the
transmission schedule, we define a set of transmis-
sion modes, each of which includes a subset of
link-channel tuples that can be active for concurrent
transmissions. Here, we introduce a 7' x m schedul -
ing matrix I to represent the set of transmission
modes, where T is the number of transmission
modes and m is the cardinality of the link-channel
tuple set. Each row of the matrix corresponds to a
transmission mode. If transmission mode ¢ includes
link-channel (e,4), we have T, = 1. Otherwise,

Algorithm 1 Channel Assignment

Step 1 A(v) =0, Vv eV,

Step 2 Select the link in G one by one in the
descending order of itsflow values. For each
selected link e = (u,v), update A(u) and
A(v) as follows:

Ne = [A(u) N A@)];

N :=min{|[fe/cc] = Nel, |[Qu—Ncl, [Qu—
N¢ };
Ny = Qy — |A(u)]; Ny :=Q, — |A(v)
if (N>0and N, >0and N, >0)
Ninin = mm{Nu, va N}’

Add N,,;, channels with the smallest
interference weights to A(v) and A(u);

N :=N — Npin;
Nu = Nu - Nmma Nv = Nv - Nmm:
endif

if (N>0and N, >0and N, =0)

Npin := min{ Ny, N, |A(v) \ A(u)|};

Add N,,;, channelsin N, with the smallest

interference weights to A(u);

N =N — Npin; Ny := Ny — Npin;

else if (N >0and N, >0 and N, =0)

Npin := min{ Ny, N, |A(u) \ A()| };

Add N,,;, channelsin NV, with the smallest

interference weights to A(v);

N =N — Npin; Ny = Ny — Ny

endif

if (N>0and N, =0and N, =0)

while (N > 0)
Let 5 be the channel with the smallest
interference weight among channels in
A(u)|JA(v). WLOG, assume that i €
A(u). Let i’ # i be achannel in A(v)
with the largest interference weights.
Replace 7' in A(v) by i. For every link
(v,w) aready considered such that the
change of A(v) makes A(v) [ A(w) =0
(thisimplies i' € A(w)), replace ' in
A(w) by 4. This replacement may be
performed multiple times.

N:=N-1;
endwhile
endif

Step 3 Assign nodes having unassigned NICs with
the channels having the smallest interfer-
ence weights among assigned channels from
their neighboring nodes.




I't, = 0. We always append a special all-zero row
at the end of T" which corresponds to a transmission
mode including no link-channel tuple.

The mean data rate of link-tuple (e, 7) can be ob-
tained as Z pece, Where p, is the fraction of time

[ANIES]

that transmission mode ¢ is activated and c. is the
capacity of link e. According to a scheduling-based
MAC protocol, a transmission mode is activated in
each time dot. Suppose that we know all possible
transmission modes. The transmission scheduling
problem in the MAC layer isto determine the frame
length . and the number of active time dots in
one frame for each transmission mode. Actually, we
can calculate a frame length by finding the smallest
positive integer L. such that p; - L is an integer for
every transmission mode. Correspondingly, trans-
mission mode ¢ should be activated in p; - L time
dots. 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
p; could be an irrational number. In this case, p; can
be rounded to obtain an approximated frame length
L, which will be a very close approximation.

The number of all possible transmission modes
grows exponentially with the number of link-
channel tuples. Therefore, we present Algorithm 2,
a heuristic algorithm, to find a subset of all possible
transmission modes.

In Algorithm 2, T, represents a transmission
mode. 7 is output as the computed subset of all
possible transmission modes. Step 2 makes sure that
every available link-channel tupleiscovered by 7 at
least once. Furthermore, there is a weight variable,
W, associated with each link-channel tuple, and
recording how many timesit isincluded in  during
the execution of the agorithm. The link-channel
tuple with the smallest weight value will be selected
into Tys, which helps to create a relatively even
distribution of the number of times a specific link-
channel tuple is selected.

LPA4(h, E;) is used to verify if link 4 and the
existing set of links in T3, working on channel j
(E;) can be simultaneously active on channel ;.
Eventually, the solutions given by LP4(h, E;)s can
be used as the power assignment for the corre-
sponding 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 power consumption which is
achieved by the objective function (17). Constraint
(18) is the SINR constraint (1) which is described
in the system model. Here, s(I) and (/) stand
for the transmitting and receiving nodes of link
[ respectively. Constraint (18) ensures that each
computed power level isin the range [0, Pyqz)-

Algorithm 2 Finding Transmission Mode Set
Stepl Z:=0; i:=1; W!:=0,V(e,1) € EI,
Step 2 while (i <= w)
forall ((e,i) € ET)
Add (e, i) to Ty;
Wii=W:+1;
do Add (h,j) # (e, i) to Ty,
st. LP4(h, IJ;) has a feasible solution
and W} is minimum among all
link-channel tuples not in T,
Wl =W/ +1,
until no more link-channel tuple can
be added to Ty,;
endforall
if (Tar ¢ Z)
Z:=7ZU{Tu};
endif
=141
endwhile
Step 3 output 7;

LPA(h, E):
min > P (17)
1€E; U{h}
subject to:
Gsapy Py — B Z Gty Py — BNo 2 0,

g€ B; U{h\{1}
vl € E; | J{h}; (18)
0 < P, < Paa, VI € B; | J{R}.(19)

In Step 2 of Algorithm 2, w is a tunable param-
eter. We observe that the larger the w is, the more
transmission modes will be added into 7, which
will make the final solutions closer to the optimal
ones at the cost of increasing the time complexities
of our schemes.



C. Rate Allocation

In this section, we present LP and CP formu-
lations for the MRA, MMRA and PRA problems
based on the transmission modes computed in the
second step and channel assignments computed in

the first step.
LP5: MRA
K
max Z TL
k=1
subject to:

=1, 1<k < K;(20)

2. 2

(ed)eEIgH (e, i)eElm
k k _
Z fez Z fei - 07
(e )e ETout (et)eEIin

1<k<K, YoeV\{s,t}; (1)

= Z ptCev

tI‘t =1

(e,1) € ET;(22)

K
>t
k=1

T
> e =1;(29)
=1

5 >0, V(ei)e BI, 1 <k < K;(24)

In the above LP formulation, we have the afore-
mentioned rate allocation variables r;, and flow al-
location variables fX and the transmission schedule
variables p;. BT, ET™ and EI, denote the set
of link-channel tuples whose corresponding links
are the outgoing, incoming and incident links of
node v € V. Similar to L P1, Constraints (20) and
(21) correspond to the flow feasibility constraints.
Constraints (23) 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, the summation of the values of
p: should be equal to 1 (Constraint(23)) since p; is
the fraction of time using transmission mode ¢.

Similar to LP2, LP3, we use LP6 to find max-
min rate allocation value « first and then solve
LP7(«) to compute max-min guaranteed maximum
throughput rate allocation. In addition, we present a
CP formulation, C' P2, to compute the proportional
fair rate alocation.

LP6:
max «
subject to:

Conslra'mls (21) — (24);

— > fB/de = o,

(e, Z)GEI”L

2.

(e,i)eE‘Ig;:t

(25)

subject to:

Constraints (20) — (24);
ad, <1, <dp, 1< k< K.

CP2: PRA

K
max Z log(av,)
k=1

subject to:

Conslraints (21) — (24), (25);
0<ap<1, 1<k<K.

In summary, our MRA scheme is to 1) apply
Algorithm 1 to compute channel assignment based
on the flow alocation given by solving LP1; 2)
use Algorithm 2 to find a set of transmission modes
and their corresponding power assignments accord-
ing to the computed channel assignment; 3) solve
LP5 to find a rate alocation, a flow alocation
and a scheduling solution for the MRA problem.
Similarly, our MMRA (PRA) scheme is to apply
Algorithm 1 based on LP2 and LP3 (C'P1), use
Algorithm 2, and then solve L.P6 and LP7 (CP2).

V1. NUMERICAL RESULTS

In our simulations, we consider wireless networks
with static nodes randomly located in a 1200 x
1200 m? region. The maximum transmission power
Pz = 300mW, the thermal noise power Ny =
—90d Bm, and the SINR threshold 5 = 10dB. The
channel gain, G,, is set to 1/d% , where d,, is
the Euclidean distance between node v and node



v. For each simulation scenario, we generate 15
communication sessions with random source and
destination nodes. The traffic demand for each com-
munication session (d;) is aso given by a random
number uniformly distributed in [0.2¢, 0.6¢|, where ¢
is the link capacity. We solve al LPs using CPLEX
9.0 (J13]) and apply the barrier method (Algorithm
11.1) introduced in Chapter 11 of [4] to solve al
CPs by setting the related parameters as follows:
e=107%, =120 and +( = 2,

We evauate the performance of the three rate
allocation schemes in terms of DSF of each ses-
sion (o) and total throughput (3"1_, ;). We also
compare the computed throughput and max-min
DSF values against the corresponding upper bounds
computed by solving LP1, LP2/LP3 and C'P1.

We perform simulations on networks with n
nodes and C' channels. Each node is equipped with
@ NICs, each of which can transmit at the rate of ¢
Mbps. ., C, @ and ¢ will be set to different values
under different scenarios. The simulation results are
presented in the following figures.
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In Fig. 1-Fig. 4, we use DSF vector vaues to
illustrate the fairness achieved by the three schemes.
As expected, we observe that the MRA scheme
results in a severe unfairness on rate alocation in
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al simulation scenarios. For example, in Scenario 2
(Fig. 2), demands of some sessions, such as session
1, 2, 3, 6, 8, 12, are completely satisfied («;, = 1).
However, the DSFs of some other sessions, such as



5, 7, 13, 14 and 15, are close to 0. The MMRA
scheme achieves fairest rate alocation since the
DSFs of all sessions are amost the same. In addi-
tion, we can see that the PRA scheme obtains much
fairer rate allocation than the MRA scheme. With re-
gards to throughput, the PRA scheme is surprisingly
good. Compared with our MRA scheme, the PRA
scheme provides comparable throughput in Scenario
1 and 2, and achieves even higher throughput in
Scenario 3 and 4. This is possible because our
MRA scheme is a heuristic scheme which does not
guarantee to find the maximum throughput solu-
tions even its objective is to maximize throughput.
However, the MMRA scheme obtains very low
network throughput in every scenario. Its average
throughput is only 77% of that given by the PRA
scheme. For the MRA and PRA scheme, the upper
bound ratio is defined as the ratio between the
computed throughput and its upper bound. For the
MMRA scheme, it is defined as the ratio between
the computed max-min DSF value and its upper
bound. From Fig. 6, we observe that both our MRA
and PRA schemes perform very well in terms of
the upper bound ratio. For the cases in which the
networks have relative rich resources (Scenario 3
and 4), the ratios given by those two schemes are
larger than 0.6 and become even close to 0.8 in
Scenario 4.

VIl. CONCLUSIONS

In this paper, we have studied the joint rate
alocation, channel assignment, routing, scheduling
and power control problems in multi-radio WMNs.
We presented three efficient cross-layer schemes
to solve the Maximum throughput Rate Allocation
(MRA), Max-Min guaranteed maximum through-
put Rate Allocation (MMRA) and Proportional fair
Rate Allocation (PRA) problems respectively. Our
schemes can provide not only upper bounds on
achievable throughput or max-min DSF values but
also optimal rate allocation, routing and scheduling
solutions for the given transmission modes and the
channel assignment. The numerical results show that
the PRA scheme achieves a good tradeoff between
throughput and fairness. Moreover, the throughput
given by our MRA and PRA schemes are close to
the corresponding upper bounds.
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