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Abstract—The [EEE 802.16 standard, also known as WiMax, LOS transmission range of the BS. In contrast, in the mesh
provides a mechanism for deploying high-speed wireless meshmode, the SSs can communicate with the mesh BS and with
network in metropolitan areas. In this paper, we propose an ga5ch gther through multi-hop routes via other SSs. The mesh

algorithm for the data sub-channel allocation, i.e., transmission t | t onl tends th twork di
scheduling, of WiMax based mesh networks. The goal is to Opology hot only exiends theé network coverage and Increases

increase spatial reuse, achieve high system throughput, and capacity in non-LOS environments, but it also provides higher
provide fair access for the subscriber stations. In contrast to network reliability and availability when node or link failures

the previous “hard” faimess definitions, we introduce a new occur, or when channel conditions are poor. In this paper, we

fairess notion that is imposed contingent on the actual traffic 40,5 on the mesh mode. An example of a WiMax based mesh
demands, in such a way that a higher capacity region can be L A
network is illustrated in Fig.1(a).

achieved. We formulate a scheduling problem whose objective is
to maximize the system throughput under our fairness model. We
also develop an efficient algorithm to find the optimal schedule
and the accompanying resource allocation. The performance of
the scheduling algorithm is evaluated through simulations.

Index Terms—WiMax, mesh networks, fairness, centralized <
scheduling T

I. INTRODUCTION

The rapid increase in user demand for faster connection
to the Web and VoIP services has spurred the development
of new broadband access technologies over recent years. The
IEEE 802.16 standard [1], also commonly known as WiMax,
finalized in year 2004, aims at providing last-mile fixed (@ Network topology (b) Scheduling tree
wireless broadband access in the Metropolitan Area Network
(MAN) with performance comparable to traditional cablefig- 1. An example of an IEEE 802.16 based mesh network.
DSL or T1 networks [2]. Compared to wired solutions, WiMax

provides more ubiquitous access with lower deployment andThe IEEE 802.16 mesh mode uses Time Division Multiple
maintenance costs. Access (TDMA) for channel access among the mesh BS and

IEEE 802.16 operates at 10-66 GHz for Line-of-SigheS nodes, where a radio channel is divided into frames. Each

(LOS), and 2-11 GHz for non-LOS connection. In the physicéﬂame is further divided into time slots that can be assigned to
layer, the standard employs orthogonal frequency divisidhe BS or different SS nodes. Fig.2 shows the frame structure
multiplexing (OFDM), and supports adaptive modulation an the mesh mode. A frame consists of a control subframe and
coding depending on the channel conditions, providing a dé#lata subframe. Each frame is further divided into 256 minis-
rate up to 134 Mbps (per Base Station) in each 28 MHets for transmission of user data and control messages. In the
channel. An IEEE 802.16 network consists of a Base Stati§Antrol subframefransmission opportunitiesvhich typically
(BS) and multiple Subscriber Stations (SSs). The BS servescggsist of multiple minislots, are used to carry signalling
a gateway for the SSs to the external network, and each SS &gssages for network configuration and scheduling of data
as an access point that aggregates traffic from end users #HAframe minislot allocation. There are two types of control
certain geographical area. IEEE 802.16 support two modesSgioframes: network control subframe and scheduling control
operation: Point-to-Multipoint (PMP) mode and mesh modéubframe. A network control subframe follows after every
In PMP each SS directly communicates with the BS throughs scheduling control subframes, wheXg; is a configurable

a single-hop link, which requires all SSs to be within cledtetwork parameter.
In the network control subframe®jesh Network Configu-
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the schedule by broadcasting thkSH-CSCH:Granmessage,
which is propagated to all the SSs along the scheduling tree.
Since the dominant traffic in a WiMax mesh network is
Fig. 2. The IEEE 802.16 mesh frame structure Internet traffic, we will focus on centralized scheduling in this
paper.

scriptor that includes the network configuration information. )

A new node that wishes to join the mesh network scans forAlthough the IEEE 802.16 mesh mode has defined the mes-
active networks by listening tMSH-NCFGmessages. Upon sages and signalling mechanisms for transmission scheduling,
receiving theMSH-NCFGmessage, the new node establishd®?W the minislots are assigned to the different stations is
synchronization with the mesh network. From among all tHgft unspecified. Since scheduling is the key mechanism for
possible neighbor nodes that adverttd&H-NCFG the new 'esource allocation in WiMax mesh networks, an efficient
node select one as isponsor nodeThen the new node sends acheduling algorithm is needed to achieve desired system
MSH-NENTmessage with registration information to the mesherformance. There are several previous works [4], [5], [6]
BS through the sponsor node. Upon receipt of the registrati}t have contributed to this problem. In [4], the authors have
message, the mesh BS adds the new node as the child ofRfRPosed centralized scheduling and routing tree construction
sponsor node in the scheduling tree, and then broadcasts349rithms to provide per flow QoS in WiMax mesh networks.
updated network configuration to all SSs. Fig.1(b) shows &fPWever, they assume that thereris spatial reusethat is,
example of the scheduling tree for the topology in Fig.1(a)._°“|y one of the links in the entire mesh network can be active

In the IEEE 802.16 mesh mode, both centralized SChedU"HBa minislot. However, in a muiti-nop mesh network, allowing
S

and distributed scheduling are supportddiesh Centralized atial reusei.e., allowing concurrent transmissions on links

Schedule (MSH-CSCHndMesh Distributed Schedule (MSH-that are not interfering with each other, is very important to

DSCH) messages are exchanged in the scheduling con ieye high speptral effici(_ancy and system throughput._ In
subframe to assign the data minislots to different statiorlS)’ simple heuristic scheduling and routing tree construction

The number of transmission opportunities b8H-CSCHand algorithms have been proposed to achieve efficient spectral

MSH-DSCHin each scheduling control subframe are netwo filization with spatial reuse, but théaimess among the

parameters that can be configured. Centralized schedulin ES is not considered. Fairness is an essential objective for

mainly used to transfer data between the mesh BS and |éeless mesh networks to ensure that subscribers receive
ﬁCceptable shares of resources regardless the number of hops

SSs, which corresponds to external traffic from the Interngt; the BS I81. In [6 i e heduli lqorith
while distributed scheduling targets data delivery between m the [ ] n[6], a ransmission scheduling aigorthm
SSs in the same WiMax mesh network, which correspondstt@t achieves h|gh channel efficiency and provides fair access
intranet traffic. In the standard, the data subframe is partitionﬁod""II the node_:s IS pregent_ed. However, the scheme en_forces
into two parts for the two scheduling mechanisms respectivergrd fairnesswithout taking into account the actual bandwidth
The centralized scheduling handles both tiygink, where requests from different nodes. As can be seen in Section I,
the traffic goes from the SSs to the mesh BS, dodnlink such hard fairness causes a reduction of the capacity region
where the traffic goes from the mesh BS to t’he SSs. In tﬂ"éat can otherwise be achieved. Fairness in multi-hop wireless
mesh mode, Time Division Duplex (TDD) is used to share t esh networks is also studied in [8], [9)]. T_hes_e works are
plex ( ) ocused on IEEE 802.11 based mesh applications, and the

channel between the uplink and the downlink. _ — X . .
o . fayrness definition they use is also hard fairness. In this paper,
In distributed scheduling, all SSs are peers and they compete |~ . . :
we define a new fairness model where the notion of fairness

for transmission opportunities based on a pseudo-random ) .
; . : is coupled to the actual traffic demands in such a way that the
election algorithm. A three-way handshaking procedure is : . . o o Do
capacity region achieved is higher than that of “hard” fairness

employed to reserve minislots for transmitting data betwe%e to the multiplexing gain. We also orovide an efficient
neighboring SSs. The details of the mechanism and its analysis P g gain. P

can be found in [3]. In centralized scheduling, the mesh B .r_ltral.ized schedu]ing algorithm thgt maximiz.es.the system
acts as the centralized scheduler and determines the allocal| O|I|zat|on and achieves the new faimess objective that we
Iy . . : efine.

of the minislots dedicated to centralized scheduling among
all the stations. The time period for centralized scheduling is

calledscheduling periogwhich is typically a couple of frames The remainder of this paper is organized as follows. In
in length. There are two stages in each scheduling perid&kction Il we describe the system model and introduce our
In the first stage, the SSs send bandwidth requests using fdieness definition. Then we propose an efficient algorithm that
MSH-CSCH:Requeshessage to their sponsor nodes, whichchieves the maximum throughput under our fairness model
are routed to the mesh BS along the scheduling tree. EachiBSection Ill. Simulation results are presented in Section IV
not only send its own bandwidth request but also relays thatevaluate the performance of the algorithm. Finally, Section

of all its descendants in the scheduling tree. The SSs transimitontains the conclusions.



Il. SYSTEM DESCRIPTION ANDFAIRNESSMODEL where thelth element is

A. Network Model a = {

We consider a WiMax mesh network that consists of a mesh
Base Station (BS) and/ mesh Subscriber Stations (SS). Wéet Ay be the set of all possible activation vectors in a
label the BS as node and the SS nodes @s=1,--- , M. A scheduling treel’. Assume that the rate that the mesh BS
link (7,7) exists between nodeandj when they are within assigns to SS nodeasz; bps Letx = (z1,--- ,x) denote
transmission range of each other, i.e., they are neighboritigg bandwidth allocation vectorThen the fraction of time
nodes. The mesh topology can be represented by a diredteat link [ need to be activated is; = cil > idep, Ti- Let
graphG = {N, L}, where N/ = {0,1,--- M}, andL = a = (aq,---,ar). We define thecapacity regionas follows:
{1,2,---,L} labels all the directed links. Assume that the Definition 1: The uplink capacity region for the WiMax
capacity of link! is ¢; bps We focus on the centralizedmesh network under the scheduling tfEds defined as
scheduling of the IEEE 802.16 mesh mode, where a scheduling
tree rooted at the mesh BS is constructed for the routing C={z:acco(Ar),z >0}, @)
path between each SS and the mesh BS, and the BS act§asre co(A;) is the convex hull of the activation vector set
the centralized scheduler that determines the transm|SS|onprr_
reception of every SS in each minislot. Denote a schedulnc]q;]e boundary of the capacity region, denoteddsy which

tree byT" = {no(hng, Pno), -+ 10 (hnags Prg) b Wherehn,  \we called thePareto surface represents the tradeoffs among
is the number of hops from nodg to the BS ), andp,, is the rate allocation of different SSs.

the parent (sponsor) node of. The mesh BS is indexed by \ye considerweighted faimessconstraints, where each
(0, 0). We denote the path from SS nadt® the mesh BS by gg gqe; is assigned a weightf;, which is determined

P;. Let L1 be the set of links that belong to the schedulmgccording to pricing or other system-wide objectives. We
treeT, andLr = |,£T|' ) ccall f = (f1,---, fum) the fairness profile As compared to

In each scheduling period, the mesh BS collects bandwidffher faimess schemes which enforce “hard” fairness, where
requests from all SSs. Then the mesh BS calculates g0ghy, ser is assigned a bandwidth proportional to its weight
distributes the transwssmn _schedule to aII_ the SSs. ASS“FB@ardless of the actual traffic demand [8], we impose fairness
that at thetth scheduling period, the bandwidth request from,ngiraints contingent on the bandwidth requests. If the traffic
SS nodei is s;(t) bps The traffic demand vector is denotéqjemang vectoss is within the capacity regior, then even
by s(t) = (s1(t),--- ,sm(t)). The traffic demand varies aty,oygh the bandwidth request may not be proportional
each scheduling period, and the mesh BS updates the scheglyilg, o weightf;, e.g., s in Fig.3, we can still meet all the
based on the traffic demand requirements. Since we are Oflgic demands. However, when the traffic demand vector is

concerned with one scheduling period for the schedulingyisige the capacity region, we do need to impose fairness
algorithm, we drop the index hereafter. The goal of a fair ¢ngiraints to find an efficient rate allocation point on the

scheduling algorithm is to maximize the system throughppt, eio surface. However, it mayot be necessary to impose

while meeting the traffic demands under fairness constrain{S;ness constraints oall the SS nodes. Define thelative

bandwidth requesk; £ s When the relative traffic demands

of some SSs are low, we may still meet their requests. Thus,
) ) o we only impose the constraints on those SSs whose demands

We introduce a fairness model that is different from thggnnot be met without violating the fairness constraints relative
“hard” fairness definition [8]. However, we make the followingq giher SS nodes.

assumptions as in [8]. First, the fairness we consider is at theSuppose that the set of SSs on which we impose fairness
granularity of a SS-aggregated flow. Typically, each SS in @ straints is denoted k. Then we have
WiMax mesh network acts as an access point that covers a

building or residence area. The aggregated traffic at each SS T _ R, x;<s;, i€1; @)

could contain a humber of TCP and UDP flows or data from fi

mobile devices supported by the SS. Second, in the centralizedl for the other SSs whose demands are satisfied, we must
scheduling, we exploit concurrent transmission to achievave

1, if link I belongs to activation set,
0, otherwise

B. Fairness Model

efficient spectral utilization and high system throughput. That Tj = s;, 5 <R, jeI°=N\T. (3)
is, any two links that are not interfering with each other can fi
be activated in the same minislot. Now we can give a formal mathematical definition of our

In order to define our fairness model, we need to firgsirness model by writing the above constraints in a concise
characterize the capacity region of the WiMax mesh networgrm:
This has been established in [11], and we briefly recapitulateDefinition 2: Given the fairness profilg and uplink traffic
it here in the context of uplink centralized scheduling for tthmandS of a WiMax mesh network, a rate allocation vector
WiMax mesh network. A set of links in the scheduling tree thai is fair contingent on their traffic demand, if the following
can be concurrently activated in the same minislot is called agndition is satisfied:
activation setSuch an activation set can be represented by an ) _
activation vectora, which is a binary vector witiL elements, z; = min{s;, iR}, i€N. 4)



Our goal is to get maximum throughput under the above  that (4) is equivalent to combining (2) and (3), and one
fairness definition, subject to the capacity constraint. Hence  9ets areduced optimal fair rate allocatio(ROFRA)
our goal is to find a rate allocation vectarin the capacity optimization problem:
region that achieves the maximuRsuch that (4) is satisfied.

This can be formulated as ttaptimal fair rate allocation

(OFRA) problem: max R (8)
max R ) s.t. v, =fiR, x;<s;, 1€L, (9)

s.t. z; = min{s;, fiR}, 1€N, (6) vj =55 s <fiR jeIf (10)

xcC, @) zeC. (11)

where C is the capacity region defined in (1). In the next
section, we will describe an efficient fair scheduling algorithm However, the number of all possible s&tss exponential
that solves the above problem by exploiting the characteristics  in the number of SS node¥.

of WiMax mesh network. 2) Even for the ROFRA problem, since the number of
First we further illustrate the definition graphically in Fig.3. possible activation sets that define the capacity region

Suppose that at a scheduling period, the traffic demand, is is typically exponential in the number of link, it is

as indicated in Fig.3, where the relative traffic dem%@ds still hard to solve it efficiently.

low. In this case, the optimal fair allocation is, where we
can indeed meet the demand «f and find the maximizing  In this section, we will show that the OFRA problem
z, = R’ on the Pareto surface. Here the conditisn< R’ can be solved by solving a sequence of (less ttidi
must be satisfied. As an example of the other case, supp&$@FRA problems. Additionally, by exploring the structure and
the traffic demand is”. Then we cannot meet the demand:haracterlstlcs of WiMax mesh network, we further reduce
of either s} or s without violating the constraints (4). Thenthe ROFRA problem to a simple linear programming (LP)
the 0pt|ma| allocation i, where we maximize®” such that problem. Before developing our solution, we first establish
‘1 = ”2 = R" on the Pareto surface. With our fairess modefhe following lemma.
when some of the SSs have low traffic load, the capacity can b emma 1: Consider the ROFRA problem (8) with the get
allocated to other SSs with high traffic load. As the traffic loadsf SSs on which fairness constraints are imposed et =
of all SSs vary at different scheduling periodsaltiplexing  min;c7 R;, andem max;cz- R; . If the optimal solution
gain can be achieved while fairness is still ensured. Note that* exists, it must satisfy
if instead one imposes “hard” fairness constraints, then the
actual achievable capacity regiondsinstead ofC.

R < R*<RL.

max min 7

(12)
X, & ,

X _ X
f

oo otherwise the problem is infeasible.

\(Z Proof: For anyR in the feasible region of problem (8), from

f,Ruin c (9) we know f;R < s;, or R < ;— = R;,Vi € Z, which
implies R < RZ. = min;ezr R;. From (10) we haveR >
c . % = R;,Vj € I¢ which impliesR > RL = =maxjcre R;.
So if the optimal solutionR* exists, it must be within the
interval [RZ,, ., RZ . |. Otherwise, ifRZ > RZ.  then the
problem (8) is infeasible
From Lemma 1 we know that the sEtmust be chosen such
that the relative bandwidth requests of all the nodes in the set
¢ are less than or equal to that of any of the nodes in the set
7. Otherwise there is no feasible solution. We therefore order
the relative bandwidth requests of all the SSs, from lowest to
the highest. Without loss of generality, we can assugpe<
I11. FAIR SCHEDULING FORWIMAX MESHNETWORKS Ry < --- < Ryy. Then there are onlyi/ + 1 possible choices
In this section, we develop an uplink fair scheduling algayf such setsf), {M}, {M—1,M},...,{1,2,--- ,M}. Note
rithm for WiMax mesh networks, according to the fairnesghat: (i) the problem (8) may still be infeasible with the above
model described above. We need to find an efficient algorittéRosends + 1 sets, except fofl = {1,2,---, M}, due to
to solve the OFRA problem (5). First we observe that th@e capacity constraint (11); (ii) the optimal solution of (5) is
difficulties in solving (5) are: the maximum of the optimal solutions of (8) under the above
1) The fairness condition (4¢annotbe replaced by a set M + 1 possible chosen sefe& Now we can describe thiair
of linear constraints. It is only when the sgétis fixed uplink schedulingFUS) algorithm as follows.

f1Rm|n

'2<V

Fig. 3. lllustration of the fairness model.



, ) ) . at any time. Let\ (i) be the set of links that are incoming
Algorithm 1 Fair Uplink Scheduling (FUS) to or outgoing from node, = be the bandwidth allocation
vector, anda; = 237, ; be the fraction of time that
link [ needs to be activated. Then a necessary condition for

If seC xeCis:
Let = s, no fairness constraints imposed Z <1, YieN. (13)
Return L:IEN (4)
Else
k=M In the following lemma, we show that (13) is also a sulfficient
While & > 1 condition forx € C, by exploring the tree structure of the
LetZ = {k,--- , M}, solve the ROFRA problem uplink WiMax mesh network.
If feasible with optimal solution{ R*, z*} Lemma 2:Assuming that only primary conflicts exist in
Let z = x=*, return WiMax mesh network, the necessary and sufficient condition
Else that a bandwidth allocation vector is schedulable, i.e.,
k=k-1 x €C,is (13).
End Proof: The fact that (13) is a necessary condition follows
End while directly from the definition of primary constraints.
End To prove that it is also sufficient, we construct the schedul-

ing multi-graph as in [10]. LetTs be the length of the
scheduling periodg the minislot time, andK = % the
Note that in this algorithm, the conditios € C in the first number of minislots in a scheduling period. For convenience,
line in fact corresponds to the case of solving (8) vifite= ). assume that all the minislots are dedicated for uplink central-
The following theorem directly follows from Lemma 1 andzed scheduling, and that we can chod§darge enough such
the above arguments. that the number of minislots that linkneeds to be activated
Theorem 1:The fair uplink scheduling (FUS) algorithmin a scheduling periodv; = oK is an integer for every
solves the the OFRA problem (5) and finds the optimal ratec £r. Then we construct the multi-graph scheduling tree
allocation vectorz under our fairness model. T,.(x) corresponding to the scheduling trée T,,(x) has
Now we have reduced the OFRA problem to solving the same node séY as T, with a link [ € Ly represented
sequence of ROFRA problems. However, for general mebl w, edges inT,,(x) between the same endpoint nodes. An
network, solving the ROFRA problem still falls into the cateexample of the construction of the multi-graph scheduling tree
gory of NP hard problem due to the existence of an exponentialillustrated in Fig.4.
number of activation sets. These kinds of problems have been
well studied in [11]. In contrast, in this work, by exploring
the structure and characteristics of WiMax mesh networks,
we transform the ROFRA problem to a linear programming
formulation, which can be solved efficiently. Note that the link
activation constraint arises due to conflicts and interference
among the links. There are several types of constraints in
wireless mesh networks:

1) Due to the half duplex nature of the transceiver, a node
cannot transmit and receive simultaneously.

2) A node cannot transmit to multiple neighbor nodes at
the same time, or receive from multiple neighbors at the
same time. Fig. 4. lllustration of the construction of the multi-graph scheduling tree.

3) The transmission of one link can be corrupted by the
interference from a neighboring link. The number minislots that we need to meet the traffic

We call the first two types of constraintwimary conflicts demand vectore, is equal to thechromatic indexI” of the

and the third constraint assecondary conflicivhich depends multi-graph scheduling tre,,(x), which is the minimum

on the physical layer parameters and capabilities. Note thraimber of colors needed to color the edges of the multi-graph,
in WiMax mesh network, the BS and SSs are typicallguch that no two edges incident on the same node are assigned
equipped withdirectional (e.g. beamformingantennaswvhich  the same color. From graph theory we know thais equal

can concentrate their transmit energy in the direction of the the maximum of the cardinalities of all thiquesof the
intended receiver while minimizing the interference caused ¢g@mplementary graph of the multi-graph. Since we assume
neighboring links. By carefully planning the locations of BSnly primary conflicts exist, any pair of edges in a clique of the
and SS nodes, the interference among neighboring links eg@smplementary graph must be incident to or from a common
be greatly reduced. So we assume that only primary confligisde. Each clique is a maximal set of edges where any pair
need to be considered for link activation, which requires thaf them is incident on a common node. It is obvious that in a
only one incoming or outgoing link can be active for each nodaulti-graph tree, each clique corresponds to one of the nodes,

Scheduling tree (weight labeled) (b) Multi-graph scheduling tree



TABLE |

and is composed of all the links incident on that node. So we
MESH NETWORK PARAMETERS IN THE SIMULATION

havel' = maxien 32cpr(s) Wi £ A, which is the maximum

degree of a node in the multi-graph scheduling t7ggx). Frame durationTz) 10 ms
i i — ) No. of OFDM symbols / frame 1024
Note that (13) implies thab_, e ;) Wi = X ien() MK < No. of OFDM symbols / minislot.) 4
K, Vi € N, from which we havel' < K. Thls means t_hat No. of minislots / frame &) 256
we can schedule the traffic demand vectom a scheduling No. of minislots / frame for uplink CSCHN() 200
period. This shows that (13) is a sufficient condition for the No. of bytes / OFDM symbol ) 72
Scheduling periodqs) 100 ms

schedulability ofz. O
With Lemma 2 in hand we can reduce the ROFRA problem

(8) to a simplelinear programming problemwhich we state The physical and MAC layer parameters of the WiMax

formally in th(.a following theorem. . . ... mesh network used in the simulation are summarized in Table

_Theorem 2:Assume that only primary conflicts e.XISt " Since in WiMax mesh networks, the SSs typically have
\;;\Ilclal\rﬁl?i(oThees?olrlls\tvv:lr?rkl’ir:gzp trhoe rz(rilr:n?? p(nggIEg] A(-?_)PI)S Eigg'_@Xi'rectional antennas fixed on top of buildings with LOS con-
lem: 9 prog 9 P nections between each other, we assume the channel condition
' is static, with constant burst rat8. For convenience, we

max R (14) choose the link capacity of all the links in the mesh network
st v = fiR, x; <s;, icT, (15) to be the same, which is

R . . ) c 8 sB
z; = Sf s; < fjR, jeT, (16) - T"/N ~ 59Mbps, 1€ L. (21)
w>— 3z, leclr, (17) r
G e, We adopt the Bernoulli arrival traffic model for the simulation.
Z w <1, VieN. (18) The traffic is randomly generated by each SS nbde every

LLEN (i) minislot with the amount of data uniformly distributed in
: K3

T . . .
In the above discussion, we have assumed that the numbelJofs: %] Which corresponds a mean traffic arrival rate
minislots in a scheduling perioft can be chosen arbitrarily FOr convenience, we assume that all the SSs have the same
large to make allu; = K integers. Now we take this Méan traffic demand, i.es; = s, € N. In each schedulmg
granularity issue into account. Assume th&l. slots are period, the mesh BS collects the aggregated trafflc. demands
dedicated to uplink centralized scheduling in each scheduliffy @/l the SSs and calculates the schedule according to the
period, which is fixed,w, is the number of slots that areScheduling algorithm. We choose the scheduling period to be
allocated to linkl in the scheduling period, and denaie= 10 frames. The simulation time is set to be 100 seconds.
(w1, ws, -+ ,wr). The constraints (17) and (18) in ROFRA-
LP can be rewritten as:

w;o 1

— = — z;,, L€ Ly, 19
Is —a z‘:lze;% ' ¢
> w<Kg VieN. (20)

L:leN (4)

Since the ROFRA-LP problem is a LP, it can be computa-
tionally solved very efficiently. By replacing the ROFRA in
the FUS algorithm with the above ROFRA-LP, we can solve
a sequence of LPs to find the optimal rate allocation vector
x, along with the optimal slot allocation vectar, according

to the requesk and fairness profilef. Furthermore, one can
notice that the multi-graph tree constructed in the proof @fy. 5. Network topology used in the simulations.
Lemma 2 can be greedily colored to generate the schedule,

oncew is feasible. So, once we find the optimal we can g4 comparison, we also implement the following schedul-

actually construct a minislot allocation schedule by greedimg schemes, in addition to odair uplink scheduling(FUS)
coloring the multi-graph scheduling tree. algorithm: '

1) Hard fair scheduling with spatial reusgHF-SR). Each
SS node is assigned a bandwidth which is proportional
In this section, we evaluate the performance of the proposed to its weight f; regardless of its traffic demang (¢)
algorithm through simulations. We consider a WiMax mesh  at each scheduling periad Concurrent transmission is
network with 10 SS nodes with the scheduling tree topol-  allowed in the scheduling.
ogy shown in Fig.5. We conduct simulations for centralized 2) Hard fair scheduling without spatial reusgHF-NSR).
scheduling of uplink traffic only. The scheduling for downlink The scheduling is the same as HF-SR except that con-
traffic can be performed and analyzed similarly. current transmissions are not allowed in the scheduling.

IV. SIMULATION RESULTS



3) Admission control onlyAC). The traffic demands of the
users with larges;(¢)’s are denied (set to 0) untd is
admissible. Spatial reuse is allowed in the scheduling.é 0.06 11 M
This corresponds to the admission control scheme with-£ - m i
out a fairness guarantee.

In the first setup, we choose the fairness weights to be

O FUS MHF SR OHF NSR OAC

hrough

o

o

=
I

ean t

the same, i.e..f;i = 1, ¢ € N; and run the simulation ;0 03 11
under different mean traffic demanesWe compare the total = | , |
achieved throughput of the mesh netwerk= 3 _, - z; under g

the four schemes. The results are plotted in Fig.6, where® 0! |

both the total throughput' and mean traffic demansl are o HHsCLLEELL L R
normalized, i.e., divided by. From the results we can see 2 3 4 5 6 7 8 9 10
that our fair scheduling algorithm is strictly better than other S5 node 1D

three schemes, providing a maximum improvement of 23.2%
over the HF-SR scheme. This is due to the multiplexing gdil§- 7- Per SS throughput fof = (1,1,---,1).
exploited by the FUS scheme. In contrast, the HF-SR achieves

a bandwidth efficiency improvement of 72% on average ove[1i|e the SSs that are further away are assigned less band-

HF-NSR by allowi tial .Tod trate the pro: (! Y
y alowing spatia’ reuse. 1o demonstrate e p pth, which is the well-knowrspatial biasphenomenon [8].

posed algorithm’s fairness provisioning, Fig.7 depicts the per
SS achieved throughput at the saturated traffic demard pl%lth our FUS scheme, all the SS nodes get shares that are

0.3c. The results show that the FUS algorithm provides fé:?rr_oportional to their fairness weights, i.e., the spatial bias is
throughput to all the SSs with a standard deviation of 0.04%[m|nated.

HF-SR also guarantees fairness but the achieved throughputs
for some SSs are lower than the AC scheme; while our FUS 4~
scheme achieves strictly higher throughput than the AC and
ensuress fairness at the same time. 0.6f
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V. CONCLUDING REMARKS

In this paper, we have presented an efficient fair scheduling
algorithm for IEEE 802.16 multi-hop mesh networks accord-

To demonstrate the case where the SS nodes have #ify to a new fairness model that we have defined. In this
ferent fairness weights, we consider the case whgre= new fairness model, the bandwidth allocation is contingent
(1,1,1,1,1,2,2,2,2,2) and run the simulation. The resultson the actual traffic demands in such a way that the capacity
for the total throughput are shown in Fig.8, and the results gfgion is not sacrificed by imposing the fairness constraints.
per SS throughputs are shown in Fig.9. The FUS achieves\@ formulate the scheduling problem as one of maximizing
maximum total throughput improvement of 35.4% over HRhe system throughput subject to the fairness notion. By ex-
SR, which shows that the multiplexing gain is larger wheploiting the characteristics of WiMax mesh networks, we have
the fairness weights are unequal. However, when the traffieveloped an efficient algorithm to find the optimal schedule
demands become saturated, the multiplexing gain diminishesrresponding to the optimum of the formulated problem.
From both Fig.7 and Fig.9 we can see that when there The simulation results indicate that our scheme achieves
admission control only, the SS nodes that are fewer hopigher system throughput than “hard” fairness schemes, while
away from the mesh BS get a larger share of the bandwidéihsuring fairness among the SSs in the WiMax mesh networks,

Fig. 6. Total throughput forf = (1,1,---,1).
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Fig. 9. Per SS throughput fof = ((1,1,1,1,1,2,2,2,2,2).

especially when the the number of hops is large and the SS
nodes have uneven fairness weights. Our scheme provides an
example of how to enhance fairness in multi-hop wireless
networks.
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