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Abstract—We consider the problem of joint end-to-end is similar to OFDM in that it divides the bandwidth into sub-
rate optimization and radio resource management in wireless carriers, but it goes one step further by grouping multiple
OFDMA-based mesh networks. Radio units equipped with mul- - ;5 capriers into sub-channels. A user might transmitgusin
tiple radio interfaces are combined with the OFDMA medium . . ) - .
access scheme to make up for the classical limitations of single-aII the .su.b—carrlers (@s in _OFDM)’ or multiple cl_lents mlght
carrier wireless networks. We pose the problem as a utility transmit simultaneously using subsets of sub-carriergtog
maximization problem subject to link-rate constraints, power location-dependent channel diversity and frequency Seitgc
control and transmission scheduling in terms of time slots, Adaptive sub-carrier allocation combined with adaptivé bi
channels and radio interfaces. The optimal solution to this |o44ing and power control for maximizing user throughput or
problem is in general hard to achieve, both in theory and A L
in practice. We propose an alternative solution approach that minimizing energy consumpnon in OFDMA-based networks
drastically reduces the computation time, and suggest a heuristic has been under the attention of several researchers [2]8]7]
scheme that attempts to reduce the computation time even furgtr  However, to the best of our knowledge, no study has analyzed
while maintaining the overall system performance close to the the effects of radio resource management on the end-to-end
optimal. For each scheme we ve_llldate the_ theoretical framework user requirements in OFDMA-based networke, how the
and quantify the performance with numerical examples. . . . . .

link scheduling (time slot and sub-carrier assignmentjygro
control and rate adaption schemes can be designed to optimiz
the end-to-end rates. The channel assignment problem in

High data-rate wireless networks have recently been pnowlti-channel multi-radio wireless mesh networks has been
posed to replace wired networks in many applications. Theudied in [9], [10], [11], but only using simplistic interfence
IEEE 802.16 family of standards [1], often referred to asmodels where the ability of two nodes to communicate refiabl
WiMax, has been conceived to provide high-speed wireledepends only on their distance. In contrast, we use a more
communications to a large number of users across widealistic model where the link quality depends on the actual
areas. Standards-based devices will offer a mobile andiguicsignal to interference and noise ratio (SINR).
deployable alternative to the current cabled networks [2], Specifically, we consider the problem of assigning sub-
combining communications in the frequency bards— 66 carriers to wireless links in multihop mesh networks where
GHz and2 — 11 GHz with multiple access technologies thahodes have the capability to use a maximum (fixed) number
enable both single- and multi-carrier division of the aableé of radio interfaces. We exploit an SINR-based power-rate
spectrum. Backhaul and local services are offered usingt-poirelationship and define the optimal network operation imger
to-multipoint or mesh topologies, where mesh provides tieg a utility maximization problem subject to link capacity
framework for multihop networking. constraints, power and rate control and time-frequencigass

The multiple access technology strongly affects the systament. Spatial reuse of subcarriers is allowed to increase th
capacity. For a single-carrier scenario, the network dépaccapacity of the network. In order to mitigate the multiple ac
can be increased by allowing links to share the medium wi&ss interference that arises due to simultaneous trasismss
spatial reuse of time slots [3], [4], [5], [6]. The divisiorf o power control is used to maintain the quality of active lisks
the bandwidth in multiple carriers can be exploited usings to sustain a desired data rate in each subcarrier. Fitting
either Orthogonal Frequency Division Multiplexing (OFDM)optimal solution to this problem is computationally hardda
or Orthogonal Frequency Division Multiple Access (OFDMARppears to be out of reach for commercial optimization sslve
schemes. OFDM is a spectrally efficient digital modulatioo this end, we develop a specialized algorithm that allows
technique that divides the system bandwidth into a numbertof compute optimal and near-optimal solutions in reasanabl
narrowband overlapping sub-carriers so as to transforrfréhe time and suggest a fast heuristic that results in relatively
guency selective fading channel into several flat fadinghehamodest performance losses. This allows us to compute the
nels. Users transmit their data over all the subcarriersdero performance limits of multi-radio wireless OFDMA mesh
to exploit the channel diversity. Multiple access is obtgimal- networks and provides a benchmark for alternative (more
lowing users to transmit in different symbol periods. OFDM#practical) strategies.

I. INTRODUCTION



Il. NETWORK MODEL wherez;; = 1 if channelf is used by link/, and0 otherwise.

. . . . .This leads to a finite number of feasible link-rate vectors
We consider a multiple carrier wireless mesh network with

nodes located at fixed positions. Each node is assumed to have c®) = (ry...7rp) k=1,....K
infinite buffering capacity and the ability to transmit, ede

and relay data to other nodes using upiip radio interfaces. wherer, id given by (3). AlthoughK' may be as large as

(K, + 1)~, most networks will, due to interference and other
technological constraints, support substantially fewrst tate
vectors. By time-sharing between a given set of link rate
We represent the network topology by a directed graph, witlectors {c*) | £ € K}, we can achieve the following

A. Network topology and offered link rates

nodes labellech = 1,..., N, links labelledl = 1,...,L and polyhedral rate region

channels labellef = 1,..., F. A link is represented by an

ordered pairfi, j) of distinct nodes, where the presence of link ck = {C - Z ac®) | o >0, Z g = 1}
(i,4) means that the network is able to send data from node kK kek

1 to nodej. The network topology is described by a node-a
incidence matrixA € RV*L, whose entryu,,; is 1 if link 1 is
outgoing from noden, —1 if [ is incoming to noden and 0

rI'§Iere, the time-sharing coefficients, represent the fraction
of schedule length in which rate vectof®) is activated. If
. ) C* contains all feasible rate-vectors, we will simply drop
otherwise. Hence, for each nodewe defineZ(n) and O(n : :
as the sets of incoming and outgoing links r(es)pectivegy) the superscnpt and use the short-hand notatow .C 0

. denote thatc is an achievable long-term average link rate.

Thﬁ sy_ste(rjn b?jndw'dtw IIS d|y|dedh|nto 6} nlwk?elF Ofl _p]he allocation of time slots and sub-carriers to links can be
equally sized and non-overlapping channels. en multi presented as in Figure 1.

links share the same channel to transmit, interference will

occur. In each channel, a node can select a link to eitt®r End-to-end rates, routing and link-rate constraints

transmit or receive data from (at most) one other node. ToNodes are assumed to always have data to send to the other
model this, letG,,,,; be the effective link gain between thenodes, possibly via multi-hop routing. We label the source-
transmitter of linkn and the receiver of link when using destination pairs by integers= 1, ..., P and lets,, denote the
channelf (including distance-based attenuation and fading asd-to-end rate for communication between source-deitina
well as the effects of coding gain, spreading gain and beagir p. Associated with each pajr is a utility functionu,(-),
forming, seee.g, [12], [13]), let o;; be the thermal noise which describes the utility of the pair to communicate aerat
power at the receiver of link and P,y be the power used by s, (cf. [14]). We assume that, is increasing and strictly

its own transmitter. We assume that each transmitter iestibjconcave, withu, — —oco ass, — 0*. Each demand is

to a simple power limit) < Py < Py, and we define the assumed to be routed along a single fixed path between source
signal to noise and interference ratio of lihlas and destination. The routing is specified by a routing matrix
Gus Py R = [r;,] € REXP where

1
o+ Iiy @ ~ )1 if data between paip is routed across link
70 otherwise

r(Py) =

wherepy = (Piy - PLf)T denotes the channel power
allocation vector, and;;y = 21 Gimy Py is the inter- Letting ¢; denote the transmission rate of lidkc = [¢;] be
ference experienced at the receiver of lihk The matrix the vector of link-capacities, the vector of total traffic@ss
P = [p; ... pr| summarizes the power allocation in thdinks is given byRs and the network flow model imposes the
entire frequency spectrum. We consider each link as a singlellowing set of constraints on the end-to-end rate vestor
user Gaussian channel with Shannon capaciips) = R

W . . s=<c s>~0

Z log(1+7(py)). We assume that a link is able to transmit
reliably when its SINR is over a predefined thresheld®, where the link rates depend on the medium access scheme,
which also defines a unique link rat&' = % log(1 +~'*"). channel conditions and the allocation of radio resourasgsh s

To this end we introduce the following rate allocation pglic as channel, transmit powers and time-slots, to the tratemsit

ny { rtetif ,W(pf) > et IIl. CROSSLAYER OPTIMIZATION

’ ) 2 Co
0, otherwise 2) In the past decade, many cross-layer optimization schemes
have been proposed to jointly coordinate end-to-end dates flo

%2t if the SINR level at i . ds the threshold over TCP/IP wired networks. The basic intuition proposed in
r# itthe evel at its recelver exceeds the threshold, a 4], [15] states that the optimal network operation can be

must stay silent otherwise. Since a node can simultaneou Ydelled as the utility maximization problem
transmit on multiple channels, the total transmission rate

experienced by a link can be modelled as maximize 3, up(sp)
» subjectto Rs <c (4)
r = Zle ripey Vi=1,...,L 3) s>=0

Thus in each channel, a nodemay transmit with linkl at rate



end-to-end rates and the time-sharing coefficients for the
\ current set of link-rate vectors. The upper bound is contpute
R via duality: letA be the vector of Lagrange multipliers for the
\\ \ capacity constraint®s =< c in the lower-bound computation
~Je and consider the Lagrangian
L(s,c,\) = Z Up(Sp) — @pSp + Z ¢y
P !
'Fre} /Tvime whereg, = >, ;A An upper bound to the network utility
\\ can be computed by maximizing(s,c, A). This problem
\\ decomposes into two subproblemsseheduling subproblem
_ _ _ _ maximize ATc ©)
Fig. 1. Model of time and frequency for link scheduling. subject to ceC

and anetwork subproblem

maximize > up(sp) — qpsp %
subject to s, >0

where the end-to-end transmission rate vestds optimized
to maximize an aggregate network utility function, while th
link capacity vectorc is fixed. If the utility functions are
logarithmic, the problem yields a proportionally fair algion By adding the optimal solutiore* € C of (6) to the set of
of end-to-end bandwidth [14]. A distributed solution tosthilink-rate vectorsi(e., letting C* = C* Uc*) and repeating the
problem can be derived using mathematical decompositioptimization one can guarantee convergence to the optimal
techniques and suggests simple resource allocation mec@lution in a finite number of iterations (see [13] for deghil
nisms implemented in end-hosts and routers [14]. An interesting aspect of the column generation procedure
When optimizing the operation of wireless networks it i¢and dual decomposition approaches in general) is that the
crucial to notice that the links capacities are not fixed amari decomposition into network and scheduling subproblems (6)
but depend in a non-trivial way on the allocation of radi¢7) can be applied irrespectively of radio technology. Thd-e
resources at the physical and link layers. Aware of this, fadb-end flow control formulation is invariant to lower layer
the utility maximization problem (4) can be reformulated asdetails, while the scheduling subproblem (and its solution
complexity) varies with the underlying radio technologi&s
the rest of the paper we will focus on solving the scheduling
subproblem for mesh network with multiple channels and user
with multiple radio interfaces.
where the optimization variables are the end-to-end daés ra . ) _
s and the links capacity vectar. B. The multi-radio multi-channel scheduling subproblem
Unlike the solution proposed in [6], the opportunity of nede
to use multiple radio interfaces combined with the multiple
A centralized solution to (5) based on column generatiathannels offered by the OFDMA modulation scheme makes
techniques has been proposed in [13] for STDMA wirelesie computational cost of the scheduling subproblem (&)erat
networks. A distributed solution to proportionally fail@a- high, already for relatively small networks. In order to rabd
tion of end-to-end rates in STDMA wireless networks has beefle multi-radio capabilities of a node we define two matrices
developed in [16], while distributed solutions for schédgl X < {0, 1}2*F andY € {0, 1}*F whose entries are
and resource allocation in WiMax single-carrier networks a . )
derived in [6]. The focus of this paper is to extend the arialysy, , — { 1 if link [ transmits over channef
in [6] to the case of multi-channel multi-radio mesh netveork 0 otherwise
This includes a mathematical formulation of the problem _{ 1 if node n transmits or receives over channgl
within the framework of mixed-integer-programming, the de "I 7 0 otherwise
velopmgnt solution procedures based on multi_—leve_l columg each channel, a node can either transmit or receive data
gengrauon that drastically reduge the computgtlon tlraegl, from at most one other nodeée.
the introduction of fast heuristics for suboptimal solagp
possibly amendable for a distributed implementation. > wy<yny n=1....N f=1..F @8)
The basic idea of the column generation method is to (€1 (MLOM)
sequentially compute lower and upper bounds to the netwdvloreover, in each time slot a node is allowed to transmitgisin
utility by restricting the optimization problem (5) to a gt up to K, radio interfaces, hence
of link-rate vectorsC* C C, and to generate new link-rate P
vectors so that to guarantee the convergence of the lower and Sy <K, n=1,...,N 9)
upper bounds. The lower bound is computed by optimizing the f=1

maximize >_ up(sp)
subjectto Rs <c¢ (5)
ceC s>0

A. Centralized solutions via column generation



In each channel, a feasible transmission group is defined ast®ere W = [w; ... wg| with w, = |A|t, andz; € {0,1}.
set of links and an associated power allocatipnsuch that The first set of constraints ensures that at ma&st radio
the signal to interference and noise ratios of the activislininterfaces are used at each node, while the second set gnsure
exceed the target. In other words, active links must satisfy that at mostF' feasible transmission groups are allocated.
Gus Py Let 7° C 7 be a subset of transmission groups and

tgt . . . L.
o1; + S Gims Py = consider the LP relaxation of the associated restrictio(18§

m#l maximize 3", 7« Ok2k
According to [5], the above constraint can be written as subjectto Wz < 1K, (14)
Zk ek 2k < F z € [0, 1]
GusPrp+ (1= 25)Myp > 5" | 01p + Y Giang Py When this master problem has been solved, we need to identify
m#l if the objective function can be improved by adding a new
(10)  transmission group. Let be the Lagrange muiltiplier vector
for a sufficiently large constand/,;. We chooseM;; = for the constraintdWz < 1K,, and consider the Lagrangian
tgt . i
V& (o +Zm¢l GimfPmax) and rewrite (10) for allf and! _ T _ _
in a more compact form as Lz, 1) kg;]c Okzk = (Wz = 1Ky) (15)
Asx+Ap 2 b (11) = 3> T —yT|ADtez + pT1K,  (16)
where the vectorg = veqX) ! andp = veqP) describe the keT™®

link scheduling and power allocation respectively, white t When the master problem may be improved, it is natural to
matricesA ., A, and the vectob model the constraints (10) add the transmission group that solves
for all links in all frequencies.

The multi-radio multi-channel scheduling problem (6) can maximize (A" — u"|A[)t
then be written as the mixed-integer linear program (MILP) subject to (10), 0 < ILle < Prax YL, f 17)

maximize Y7, Ay Y-, wiprtet b0, 1}

subjectto A,x+ A,p <b and repeat the master problem. The column generation proce-
(8), (9) (12) dure for solving the scheduling subproblem (6) then follows
0< Py < Puax VI, f the same principles as the column generation for the overall
z1p € {0, 1} Vi, f problem (5) (see Section IIl). The procedure is summarized a
Yns € {0, 1} Vn, f Algorithm 1. Upon termination, a feasible channel allogati

- . . . is computed by solving (14) with an integer restriction oa th
C. Efficient frequency assignment via column generation z-variables. Although this integer solution is not necesar

The MILP (12) jointly optimizes the link scheduling andoptimal, it has turned out to be optimal or near-optimal for
power allocation overf’ channels, and needs to be solveg|l cases we have considered. Optimality can be enforced by
at each iteration of the column generation in order to findjmplementing the full branch-and-price procedure desttib
new link-rate vectorc to add to the se€®. Unfortunately, in [18]. To generate provably optimal solutions, we have
the computation times for solving the scheduling subpmbleysed the result of the column generation to warm-start a
grows very quickly with the number of links and channels, angbmmercial branch-and-bound solver. The branch-anddoun
it is hard to get computational results in reasonable tinenevsolver is often able to prove optimality within a very small
with state-of-the art mathematical programming software. number of iterations.

In [17], the author has proposed to solve resource allatatio The overall solution we propose can be considered as a
problems of a similar type to (12) by a variation of a columgylti-level column generation procedure: on the outer Ileve
generation technique proposed by Mehrota and Trick [1&e optimize end-to-end rates and time-slot allocationshEa
Although the aim in [17] is to minimize the schedule length ifteration of this procedure requires the solution of a satiag

an STDMA network, it can be adapted to our case where Wgpproblem across sub-carriers and transmit powers winich,
have a maximum schedule Iength Bf transmission groups, turn, is solved by a column genera’[ion technique_

i.e. one for each channel. To this end, &t = {t;| tx €

{0, 1}*, k = 1,..., K} be the set of feasible transmission V. A GREEDY HEURISTIC FOR CHANNEL ALLOCATION
groups (e, satisfying (10) and the power constraints), define Although the technique proposed in Section IlI-B improves
A= Artet andd, = A t); and rewrite (12) as the overall performance of the cross layer optimization com
maximize Y, dxzy pared to the direct use of an integer programming solveh bot
subject to Wz < 1K, (13) solutions remain far from being suitable for real applicas
Spa <F oz €0, 1} due to the considerable computational effort they require.

As an alternative, we propose a heuristic approach that
1we definevetX) £ [x11,...,%11, %12, ..., 2L2, .-, T1r, -, 2r] . SoOlves the link scheduling problem separately for eachmélan



Algorithm 1 Subcarrier allocation via column generation
1

scheduling, rate and power adaption scheme in multi-cHanne
. let 7° be an initial feasible channel allocation,be a multi-radio wireless mesh networks proposed in the presviou
small constant ané& = 0. sections. To achieve proportional fairness we will assume

2: loop logarithmic utility functions throughout. We will isolatand
3 k=k+1 guantify the performance of the optimal solutions, the dcihe
4: solve (14) to get a lower bound.. of the optimal ing subproblem solved using an inner column generation, and
solution of problem (13). the heuristic approach in terms of total aggregate utilitgd a
5:  solve (17) to get a new feasible channel allocatign computation time.
_ ar)lcd use)c(16) o obtain an upper boungpe: A. Results for a sample network
6: T-=T U{tk} ) ) ] )
7: end 100p if wupper — Uiower < € We will show in detail the results achieved for a network
8: useTX to solve (14) with integer restrictions of, to consisting o8 nodes and6 links. The network was generated

using a modified version of the procedure described in [5]
adapted to meet the requirement of the IEBER.16 stan-
dard [1]. In particular, we investigate the ISM frequencyitba
2.4000 — 2.4835 GHz splitting the system bandwidth il =

10 equally sized sub-carriers, while each node is equippdd wit
K, = 4 radios. For each link, let the maximum transmission

obtain a feasible channel allocation for problem (6).

Algorithm 2 Greedy channel allocation

1let f=fo,i=0 ¢k =0 N={1,...,N}, N = {0}.
2: loop

3:  solve (18) to obtain link-rate vectary for channelf  power beP,,., = 100mW, the path loss exponeat= 3.5 and
4 c® =c f ¢ the thermal noise at the receivers= 3.34 x 10712, We use
5. for all n € N update the number of allocated radios. I& single SNR-target's" = 10 and, for simplicity, we use the

n has reserveds,, interfaces, move: from A to N. Shannon capacity formulatst = = log, (1 + +'&!) to relate
6: load new frequencyi =i+ 1, f = f; rate to the SNR-target.

7: end loopif either f = F or N = {(}. The results obtained for this particular network are shown

in Figure 2 and are summarized in Tables | and Il. The com-

putation time required from the optimal solution exceéds

f. The single channel assignment problem can be formulaf@@urs, whereas the solution proposed in section SectieB il

as follows: approaches the optimal solution in a reasonable time (aldout

- minutes). Moreover, the greedy channel allocation desdrib
maximize 2 At g in Section IV drastically reduces the computation time ttyon
subject to Aqsxs + Aprpy = by one minute leading to a performance loss of abb6% with
leI(n)UO(n) Tif <1

respect to the optimal solution.
0 < Plf < Pmax

xs € {0, 1}F

(18)

I1=1,...,L

where the vector; corresponds to thg*™® column of the 8op
matrix X, while A, ¢, A,y andb; summarize the SINR-based
constraints of type (10) for the link scheduling on chanfiel

To enforce the limitation on the number of radio interface

--------
________
|-

701

60 |-

per node, we solve the the assignment problem (18) sequ
tially for each channel until either all channels have belen ¢
located or some nodes have assigned all their availablesad
When a node has assigned all its radios, it is removed from 1
network and the procedure continues on the reduced netw:
topology. This algorithm terminates when all channels a
assigned or all nodes have used their radios, see Algorithn

Note that while the column generation procedure attempts
compute a price for using the radios in each node (formdiéy, t
Lagrange multiplier vectop) our greedy heuristic effectively
sets the price to infinity when a node has been assigned

Total utility
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Number of iterations
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its radios. It is possible that better heuristics can bevddri
using better pricing schemes, but such investigations ate o
of the scope of the current paper.

Fig. 2. Performance in terms of total aggregate utility.

B. Experience from a larger set of networks

We have evaluated the performance of the three variants
We can now evaluate the performance of the three apf the joint congestion control, scheduling, rate and power
proaches for solving the joint end-to-end rate optimizgtioadaption scheme for a set of randomly generated 10-node

V. NUMERICAL EXAMPLES



Total utility %

Optimal solution 76.5891 —— 1]
Inner column gen. 76.5889 —1.82-107%
Greedy Heuristic sched. 73.0052 —4.68
[2]
TABLE |
PERFORMANCE IN TERMS OF TOTAL AGGREGATE UTILITY
[3]
Hours Minutes Seconds 4]
Optimal solution 24+ —— ——
Inner column gen. —— 17 12
Greedy Heuristic sched. —— 1 2
(5]
TABLE Il
PERFORMANCE IN TERMS OF COMPUTATION TIME [6]
[71
multi-channel multi-radio wireless mesh networks. In this

case, the performance loss of the inner column generatidfl

is within 1 — 2 - 107*% of the optimal performance and a

REFERENCES

IEEE Standard for Local and Metropolitan Area Networks. tPE8: Air
Interface for Fixed Broadband Wireless Access SystéRIESE 802.16-
2004 revision.

A. Ghosh, D.R. Wolter, J.G. Andrews, and R. Chen. Broadbaireless
access with WiMax/802.16: current performance benchmarkguaace
potential. InlEEE Communixations Magazin@ages 129-136, Feb.
2005.

J. Grdnkvist. Assignment methods for spatial reuse TDMA. Hinst
Annual Workshop on Mobile and Ad Hoc Networking and Compgutin
pages 119-124. MobiHoc, Aug. 2000.

J. Gronkvist. Distributed scheduling for mobile ad hoc networka -
novel approach. IfProc. of 15th IEEE International Symposium onPer-
sonal, Indoor and Mobile Radio Communications PIMR®lume 2,
pages 964 — 968, Sept. 2004.

M. Johansson and L. Xiao. Cross-layer optimization of eldss
networks using nonlinear column generatiofEEE Transactions on
Wireless Communication§(2):435-445, February 2006.

P. Soldati, B. Johansson, and M. Johansson. Distribojithization of
end-to-end rates and radio resources in WiMax single-cangavorks.
In Proc. of IEEE GlobecomDec. 2006. (To appear).

G. Song and Y. Li. Cross-layer optimization for OFDM wiesk
networks-partl: theoretical framework. IHEEE Trans. on Wireless
Communixationsvolume 4, pages 614-624, March 2005.

G. Song and Y. Li. Cross-layer optimizatin for OFDM wirste
networks-partll: algorithm development. IEEE Trans. on Wireless
Communixationsvolume 4, pages 625-634, March 2005.

computation time withinl5 — 20 minutes. The greedy channel [9] A K. Das, H.M.K. Alazemi, R. Vijayakumar, and S. Roy. Optiration

allocation came withir8 — 12% of the optimal performance,
with an average performance loss®4% and a computation

time of 1 — 2 minutes.

VI. CONCLUSIONS

(20]

(1]

We have considered the problem of joint end-to-end rate
optimization and radio resource management in OFDMA mesh

networks with multiple radios. We have posed the problem aia]

utility maximization problem subject to link-rate congins,

power control and transmission scheduling both in terms Bf!

time slot and channel allocation. Due to the computational

complexity of the optimal solution, we have developed &A%l

alternative solution approach that achieve a near-optpaal

formance reducing at the same the computation effort. This]
methods allow us to solve problem instances that are outside
the reach of commercial mathematical programming solvefgg
Moreover, we have proposed a heuristic scheme that attempts
to reduce the computation time even further while maintejni

the overall system performance close to the optimal. Simullqn

models for fixed channel assignment in wireless mesh networis wi
multiple radios. InProc. of Sensor and Ad Hoc Communications and
Networks IEEE SECONpages 463 — 474, Sept. 2005.

P. Kyasanur and N.Vaidya. Routing and interface assigmt in multi-
channel multi-interface networks. Technical report, Ursitg of lllinois

at Urbana-Champaign, 2004.

R. Dravers, J. Padhye, and B. Zill. Routing in multi-@dnulti-hop
wireless mesh networks. IRroc. of The Tenth ACM International
Symposium on Mobile Ad Hoc Networking and Computing, MotiiHo
pages 114-128, 2004.

S. Toumpis and A. Goldsmith. Capacity regions for wirslesl hoc
networks. IEEE Trans. on Wireless Comn2(4):736—748, July 2002.
M. Johansson and L. Xiao. Scheduling, routing and poalkrcation
for fairness in wireless networks. Proc. of IEEE VTC SpringMilan,
Italy, May 2004.

F. P. Kelly, A. K. Maulloo, and D. K. H. Tan. Rate contrabrf com-
munication networks: shadow prices, proportional fairress stability.
Journal of Operations Research Socie#@(3):237-252, March 1998.
S. H. Low and D. E. Lapsley. Optimization flow control |: 8le algo-
rithm and convergencelEEE Transactions on Networking (6):861—
874, 1999.

P. Soldati, B. Johansson, and M. Johansson. Propatlyofair allo-
cation of end-to-end bandwidth in STDMA networks. Pnoc. of The
Seventh ACM International Symposium on Mobile Ad Hoc Nedwor
and Computing, MobiHqgages 286 — 297, Florence, Italy, May 2006.
P. Bjorklund. Applications of resource optimization in wireless netveork

tion results have shown that the first scheme achieves a near- PhD thesis, Linkpings Universitet, Institute of Technology, 2006.
optimal (less thar® - 10~4% of performance loss) solution [18] A. Mehrotra and M.A. Trick. A column generation appro&ohn graph

while reducing the computation time from days 16 — 20

minutes, whereas the heuristic reduces the computatios tim
to the order of a few minutes with a reasonable small price in

terms of performance loss.

There are several natural extensions to this work. First, th
problem (12) might be modified to account for total power
constraint for each node. Second, one might investigate dis

tributed (sub)optimal solution approaches where nodekmexp

the link quality in the available sub-carriers and selechane

nel allocation negotiating with a group of neighboring nade

Finally, a more complex channel model should be analyzed in
order to better capture the effect of the OFDMA modulation

scheme on the channel features and link assignment.

coloring. Informs Journal on Computind:334-354, 1996.



