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Fairness Enhancement in Multi-Channel Wireless Mesh Networks
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Abstract—In this paper, we study joint rate control, rout- perform very poorly [9]. In [16], Tangt al. proposed Integer
ing and scheduling in multi-channel Wireless Mesh Networks |inear Programming formulations and a heuristic algorithm
(WMNs), which are traditionally known as transport layer, 4 golve the joint scheduling and power control problems in

network layer and MAC layer issues respectively. Our objective . .
is to find a rate allocation along with a flow allocation and a WMNs. Note that [16] focused on link layer (single hop)

transmission schedule for a set of end-to-end communication throughput and fairness, rather than the end-to-end (multihop)
sessions such that the network throughput is maximized, which case studied in this paper.
is formally defined as the Maximum throughput Rate Alloca- Multi-channel multihop wireless networks can bring in

tion (MRA) problem. As simple throughput maximization may . . LS
result in a severe bias on rate allocation, we take account of dramatic throughput improvement compared to their single

faimess based on a simplified max-min faimess model and the channel counterparts. Several recent works [6], [14], [15], [17],
proportional fairness models. We define the Max-min guaranteed [18] studied802.11-based multi-channel WMNSs. In [14], [15],
Maximum throughput Rate Allocation (MMRA) problem and  the authors proposed a set of heuristic algorithms for both
Proportional fair Rate Allocation (PRA) problem. We present  ~hannel assignment and routing. Drae¢sl. in [6] presented

efficient Linear Programming (LP) and Convex Programming new routing metric and a corresponding routin rotocol
(CP) based schemes to solve these problems. Numerical result& g P g gp

show that proportional fair rate allocation schemes achieves a to find high-throughput paths. In [17], Tareg al. presented
good tradeoff between throughput and fairness. an interference-aware channel assignment algorithm and a

Index Terms—Ad hoc wireless networks, cross-layer design, QoS routing algorithm. In [18], pollyno.mial tim? algorithms
rate control, routing, scheduling, faimess. were presented to compute max-min fair bandwidth allocation.
It is well-known that random access bas8d2.11 MAC
protocol does not perform well in terms of throughput and
] fairness [20]. If transmissions are carefully scheduled by mak-

WIRELESS Mesh Network (WMN) [1] is composeding full use of space diversity, scheduling-based media access
of mesh routers and mesh clients. Wireless mesh routgey, guarantee collision-free transmissions and achieve a much
form a multihop wireless network which serves as the backigher throughput. Therefore, this approach is considered as
bone to provide network access for mesh clients. Mesh routgrgesirable solution for future WMNSs [1].
are u su_ally stationary and connected with AC power. Most To our best knowledge, this is the first work addressing
applications of WMNs, such as broadband Internet acce nt rate control, routing and scheduling in multihop multi-

require the network to efficiently deliver a high volume o hannel WMNs with a scheduling-based MAC layer. We

traffic. These features differentiate WMNs from the WeII-Study a fundamental network design problem similar to the

studied Mobile Ad hoc NETworks (MANETS): in stead Ofone studied in [9], i.e., given a specific traffic load, what

mobility_ ;.ind power gﬁiciency, throughput and fairness are the v, maximum achievable throughput? We propose Linear
mocst crltllcal |ssue§ n WM:]\IS' b d . Programming (LP) based and Convex Programming (CP)
ross-layer schemes have been proposed to impr ed schemes to seek a rate allocation along with a flow

throughput and faimess for single-channel multihop Wirele%ﬁocation and a transmission schedule such that throughput
networks. In [5], [19], the joint rate control and schedulin%Saﬁ

: . n be maximized and/or certain fairness can be achieved.
problems have been studied for wireless ad hoc networ,

ith eith hedulina-based C loh r contributions and the differences between our work and
with either a scheduling-based MAC layer [5] or an Alo a previous related papers are summarized as follows.
based MAC layer [19]. The cross-layer schemes presented

in [5], [19] assume that the routes are given for the end-to-ende Different from previous works on cross-layer optimiza-
communication sessions prior. However, routing can sig- tion [5], [9], [16], [19] in single-channel wireless net-
nificantly affect end-to-end performance and routing schemes Works, our work crosses three (transport, network and
without carefully addressing the impact of interference may ~MAC) layers and addresses the joint rate control, routing
_ _ _ and scheduling problems which have never been done
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which either end-to-end fairness was not seriously cois to determine the frame length and the number of active
sidered [6], [11], [14], [15], [17] or was only addressedime slots of each transmission mode in one frame. If we
based on the max-min fairness models [2], [18], wknow the value ofp; for every transmission mode we can
take account of fairness under different models includingplculate a frame length by finding the smallest positive integer
both a simplified max-min model and the well-known such thatp, x L is an integer for every transmission mode.
proportional fairness model. Correspondingly, transmission modeshould be activated in

« We present optimal schemes for throughput maximizatign *« L time slots. In this way, the scheduling problem is
and fairness problems, instead of heuristic or approximaansformed into a problem of determining the time fraction

tion algorithms as in [2], [6], [11], [14], [15]. p: for each transmission mode
Il. SYSTEM MODEL IIl. PROBLEM DEFINITION
We consider a stationary multi-channel WMN witi non- Suppose that we are given a network topolégythe corre-

overlapping frequency channels. Each nede equipped with  sponding scheduling matrik, and the source and destination
Q. Network Interface Cards (NICs), whete < Q., < W. nodes of K end-to-end communication sessions. We want to
For efficient resource usage channel assignmentl assigns find a rate allocation vectar specifying the rate’;, for each
a certain channel to each NIC and a skv) of Q, different  gegsjonk, along with a flow allocation vectof specifying
channels to each node where A(v) C {1,2,...,W}. We the amount of traffic/¢ of sessionk routed through link
assume that every node transmits at a fixed transmission, in each time unit, and a transmission schedule vegtor
power P,, whose corresponding transmission range is deno‘@ﬁ’ecifying time fractionp; for each transmission mode A
as R, and whose interference range is denoted?s(R2;, is  flow allocation vector and a transmission schedule vector are
typically 2 to 3 times of R, [14]). said to befeasibleif (a) the net amount of flow going out of
We assume that a channel assignment is gavprior, based the source node of a session is equal to the end-to-end sessior
on which we can determine a netwotpology denoted as rate; () for each session, the flow conservation constraint is
G(V, E) in which each vertex € V' corresponds to a wirelessgatisfied at every node except the source and the destination:
node, and that there is a directed liak= (u,v; 1) on channel (c) on each link, the aggregated flow is no more than the
Ae) = [ from nodeu to nodev in G if d(u,v) < R, and ayerage link transmission rate; and) the summation of all
A(e) € A(u) (1 A(v), whered(u,v) is the Euclidean distance gjements in a transmission schedule vector is equdl. t&
between nodes: and v. Because two or more COmMONiate allocation vector is said to Heasibleif we can find

channels may be shared by a pair of neighboring nodes,a corresponding flow allocation vector and a corresponding

the same pair of nodes. _ _ Definition 1 (MRA): The Maximum throughput Rate Al-
In a multi-channel wireless network, two wireless links capcation (MRA) problem seeks a feasible rate allocation vec-
be active at the same time as long as they work on differagf y — [, r,,... rg], along with a feasible flow allocation

channels. We say two wireless links, v;l) and (z,y;h) vector and a feasible transmission schedule vector such that
interfere with each other if = h and eitherd(u,y) < R! the throughpuEkK_l 7y, is maximized.

or d(z,v) < R;, since concurrent transmissions along both pefinition 2 (MMRA): A feasible rate allocation vectaris

links will lead to collisions/conflicts. The above definitiony feasiblemax-min guaranteed rate allocation vectorif for
implies half-duplex operation (i.e., one NIC can only transmgny other feasible rate allocation veciér= [r}, 7%, ..., 7],

or receive at one time) as well as unicast communication (i-’?mm{rk\l <k < K} > min{rj|l <k < K}. The Max-

one transmission has only one intqued recei\{er). Howevgfin guaranteed maximum throughput Rate Allocation
when one NIC at a node is transmitting or receiving data QMRA) problem seeks a feasible max-min guaranteed rate
one channel, another NIC at the same node can simultaneoygfycation vector, along with a feasible flow allocation vector

transmit or receive datan a different channel ~ and a feasible transmission schedule vector such that the
We assume a scheduling-based MAC layer and def'”eﬂﬁ‘oughputh_lrk is maximized.

set of transmission modesach of which includes a subset pefinition 3 (PRA): The Proportional fair Rate Alloca-

of links in the given topologyG that can be active simulta- o (PRA) problem seeks a feasible rate allocation veetor
neously. We use &' x m matrix I' to represent the set of 5jong with a feasible flow allocation vector and a feasible

transmission modes, where is the number of links inG,  yransmission schedule vector such that the utility function
andT is the number of transmission modes. Each row of the' X 1,0 (- ) is maximized.

matrix corresponds to a transmission mode. If transmission”
modet includes linke, we havel';, = 1. Otherwise I';. = 0.
We call " the scheduling matrix The average transmission

rate of link e can be obtained asz pice, Wherep; is the ~ We proposed cross-layer schemes to solve the problems
el defined in the previous section. All of them follow the same

fraction of time that transmission modds activated, and. basic idea: in the first step, we identify all possible transmis-
is the link capacity which is usually a constant. sion modes or a subset of transmission modes; in the second

All the links in a transmission mode can be activated simustep, we formulate the problems as LPs and CPs based on the
taneously in a time slot. Suppose that all possible transmissioansmission modes found in the first step and apply existing
modes are given. The scheduling problem in the MAC layatgorithms to solve them.

IV. PROPOSEDCROSSLAYER SCHEMES
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Firstly, we present the methods to compute transmissipmblems defined in Section Ill, we need to construct a simple
modes. The well-knowrcontention graph([12]) is used to digraphG’(V’, E’) which is equivalent to the given topology
assist computation. In a contention graph:(Ve, Ec) of G(V,E). For each nodev € V, V' contains ), nodes
network topologyG(V, E), every vertex corresponds to av* () v*2(V) preu(®) where \;(v) < Xo(v) < -+ <
wireless link inG. There is an undirected edge connectingg, (v) are the@, channels assigned @, NICs in nodev.
two vertices inG¢ if their corresponding links irG interfere Hence, a node iz’ corresponds to a NIC. For each directed
with each other. A transmission mode actually correspontisk (u,v;h) € E, E’ contains a directed linkKu", v").
to anindependent sdah the contention graph. Obviously, weSuch links are callednter-nodelinks. For eachv € V' and
only need to consider those transmission modes corresponding i < Q,, E’ includes a pair of opposite directed links
to Maximal Independent Sets (MISs) 6f-. The algorithm betweenv*:(*) and v*+(*), We call such linksintra-node
in [10] can be used to find all MISs in a contention graphinks. E! and E© denote the set of intra-node and inter-
However, it is well-known that the number of MISs growsiode links respectively. Clearlyy’ = E!(J EC. If multiple
exponentially with the increase of the graph size. Therefomepdes inV’ correspond to a node W which is not incident
we may only consider a subset of MISs if the contention grap¥ith multi-links we can shrink them to a single node @#
is relatively large. We propose a polynomial time heuristignd eliminate all related intra-node links. We sele@’((s’“)
(Algorithm 1) to compute a subset of transmission modes in(@gl(dk)), as the corresponding source noge (destination
given contention graph. Intuitively, a good subset should covgbded;) for sessionk.
all vertices inGc¢ and the number of times every vertices Both the MRA and MMRA problems can be formulated
is included in certain transmission modes should be everi¥ | Ps. We have the aforementioned rate allocation variables

distributed. %, flow allocation variableg* and the transmission schedule
variablesp;.
Algorithm 1 Generating Transmission Modes
Stepl Z:=0;i:=1; LP1: MRA
Wiv] :=0, Vv € Ve K
Step2 while (i <= w) max > 7y 1)
Ty = 0 k=1
fOFa”dg eVe " 0l subject to:
Add v to Ty, Wiv| := Wv] + 1; & x
do Add vertexu # v to Ty, s.t. W/[u] is Z fe - Z fe=rx, l<k<K; @
minimum among all vertices which are ~ ““"% “eEL
not identical with or adjacent to any Z frE— Z fF=0, 1<k<KYoeV'\{s},d.}; 3)
other existing vertices ifl’y;; c€ Bgut ceEin
Wiu] :== Wlu] + 1; K
until T»; becomes an MIS; SN Y pce, Ve € E©; (4)
If (T]W ¢ Z) k=1 t:lge=1
Z:=ZU{Ty}; T
endif ) dom=1 5)
endforall =t ;
i=i+1; fe >0, 1<k<K,Vee E'; (6)
endwhile pe > 0, 1<t < Ty (7)
Step3 output Z; i 20, l<k<K. (®)
P2: Max-Min

In Algorithm 1,7}, represents an MIS (transmission mode).
Z is output as the computed subset of transmission modes max 0 9)
and Z covers all vertices inG¢ due toStep2. w is a given
tunable parameter. The larger theis, the more MISs will
be added intoZ. W is a weight array which records how r,>0, 1<k<K. (10)
many times each vertex has been included in certain MISs
of Z during the execution of the algorithm. We try to makép3(9): MMRA
the aforementioned distribution as even as possible by always K
adding the vertex with the minimum weight value every time. max Z Tk
The running time of Algorithm 1 is dominated t8tep.2 and k=1
it can be done ifO(w?m +wm?), wherem is the number of subject to: Constraints (2) — (7), (10).
links in G. After obtaining transmission modes, we can easily
construct the scheduling matrix. For ease of presentation, In the above formulationsZ9** and Ei" denote the set of
we always append a special all-zero row at the end which  outgoing and incoming edges of nodec G’ respectivelyc,.
corresponds to a special transmission mode including no links.the capacity of linke. Constraints (2)—(5) irL.P1 are cor-
In order to present LP and CP formulations to solve thesponding to the feasibility constrainis)—(d) described in

subject to:  Constraints (2) — (7);
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Fig. 1. Scenarid: rate allocation withC' = 3,Q = 2, ¢ = 11. Fig. 2. Scenari@: rate allocation withC' = 12,Q = 2,¢ = 54.
Section Il respectively. The objective @fP1 is to maximize 80—
network throughput. 7ol == MMRA |
For the MMRA problem, we need to solve twhPs ~4: PRA
sequentially. First, we solvé P2 and obtain a max-min rate 6or
value 6. Due to Constraint (10) and the objective function of sol- ]
LP2, we know that for any feasible rate allocation vector o A
v/, min{ri|l < k < K} < 6. Next, we feedd as a ¢ 4o o
parameter tol P3. Constraint (10) inL P3 makes sure that 30t ot ]
for the computed rate allocation vectoy min{ry|1 < k <
K} > 60 > min{r,|1 < k < K}. The objective ofLP3 is ST —
also to maximize the throughput. Therefore, solving2 and 1wk 8
LP3(0) together can give an MMRA solution. . S
The PRA problem can be formulated as a convex program 2 3 4 5 6 7 8 9 10
since it has the same linear constraints as the MRA problem Sorted Session Index

and the objective is to maximize a concave utility function. Fig. 3. Scenaria: rate allocation WithC' = 12,Q = 3, ¢ — 54.

CP1:PRA ] )
we also show its convergence speed in terms of the number

K . .
max Zlog(rk) (11) of |terat|or_15. _ _ _
=1 In the first part of the simulations (Scenaribs- 3), we
test our schemes on networks witli nodes. In each sce-
nario, 10 communication sessions are generated with random
- . . r n ination n . We evaluate th rforman f
There are efficient algorithms for solving LPs and CPs [3 ource and destination nodes. We evaluate the performance o

[4]. In our simulations, we used a famous LP/LP solverhe proposed schemes under different settings, i.e., different

CPLEX 9.0 [8] to solve all LPs. We implemented the barriernumber of available channel¢’), different link capacity ¢,

. . : and different number of NICS) in each node. They are set
method (Algorithm11.1) introduced in Chapter 1 .Of [4] . to typical values specified i802.11 standards. We generate
to solve the CPs. The proposed schemes provide Opt"?raollnsmission modes using Algorithm 1 by setting= 1. The
solutions for the defined problems if all possible transmission L :
modes are identified in the first step. results are presented in Figs. 1-3 gnd Table I._ As expected, we

observe that the MRA scheme achieves the highest throughput

but results in a severe unfairness on rate allocation in all
simulation scenarios. Rates allocated to some sessions (more

In the simulation, we randomly generate WMNs with than half of sessions in the first two scenarios) are equal
nodes located in &0 x 800m? region. The transmission rangeto zero but the others obtain very high rates. The MMRA
and corresponding interference range of each wireless masheme performs best in terms of fairness since rates allocated
node are set t@50m and500m, respectively ([14]). We apply to all sessions are almost the same. However, it offers very
the channel assignment algorithm in [17] to assign channédsv network throughput which is onlg8% of the maximum
for each NIC and ensur@-connectivity of the resulting throughput on average. The average throughput given by the
topologies. PRA scheme is abow5% of the corresponding maximum

The performance of the three rate allocation schemes #neoughput. With regards to fairness, the PRA scheme is much
shown in terms of rate allocated to each sessiq) &nd the better than the MRA scheme even though it does not achieve
throughput Eszl r,). The sessions are sorted in the noman absolutely even distribution. Furthermore, We can see from
descending order of their rate values. For the PRA schentlee table that the PRA scheme converges to optimal solutions

subject to: Constraints (2) — (8).

V. NUMERICAL RESULTS
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TABLE |
THROUGHPUT ANDITERATIONS UNDER DIFFERENT SCENARIOS

Scenario| MRA | MMRA PRA | lterations (PRA)
1 25.67 1486 | 21.39 60
2 162.00 | 104.91 | 132.51 57
3 244,67 | 172.93 | 213.95 54

6

Rate
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20
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4
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6L d
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= All
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-h - w=2
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Sorted Session Index

(b) C=12,Q =2,c =54

to those computed by using all possible transmission modes
in terms of both fairness and throughput.

VI. CONCLUSIONS

In this paper, we have studied joint rate control, routing and
scheduling in multi-channel WMNs. We proposed LP and CP
based schemes to compute maximum throughput, max-min
fair and proportional fair solutions. Numerical results showed
that the proportional fair rate allocation scheme achieves a
good tradeoff between throughput and fairness.
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