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multiuser diversity in OFDMA based wireless networks, dynamic Traditional
subcarrier assignment mechanisms have shown to be able to nment@
achieve much higher downlink capacity than static assignment. : RS
A rich literature exists that proposes MAC and physical layer Time

schemes aiming at exploiting the diversity gain with low imple- Fig- 1. The motivating scenario for coding aware subcarrsignment in
mentation complexity. In this paper, we propose a cross layer OFDMA systems. Different line patterns denote disjoint s#tsubcarriers.

approach that explores the joint advantage of network coding transmits them through the same set of subcarriers, thereby
;ahnd k():iyn(zjarr!:;:thsul?crc_a_rrier as?igcr)llr:ngp/ltA Odli)rwﬁ:?n?(ritgm eirr?fgg;’:s significantly improving the bandwidth efficiency of OFDMA

e Danawi errciency o . " : o : : s
frames of the mobile s%/ations that exchange info¥mation. Vg\gle systems. As an intuitive jUStIflcatIOI’],. COpSlder the scrgnmr
highlight a tradeoff between diversity gain and the network Fig. 1, where two MSs are exchanging information with each
coding advantage, which is critical to the network performance. other via the BS, creating an opportunity for network coding
To explore the tradeoff, we formulate the coding aware dynamic (henceforth referred to asoding opportunity. Traditional
aslsignmt_anltt'schehme _aﬁ athmtixed iBteger é:)r_ogram,t_ anld detzir%r; dassignment algorithms will allocate disjoint set of subieas
olynomial time heuristic that Can be used In practical sys . . .
FL;n':\ged on a network flow formulation and appenalty s}::heme, to the downllnks. In contrast, Fhe CADSA algprlthm XORS.
our heuristic well approximates the performance of an optimal the two uplink frames and multicasts the combined frame via
algorithm, in terms of both throughput and fairness. the two downlinks. The corresponding MSs receive the same
frame, but can decode different information by XORing the
combined frame with one that is knovenpriori. For instance,

The emerging generation of wireless standards such tfgough the operatioB®(A® B), MS, directly obtains frame
802.16 [1] have identified OFDMA (Orthogonal Frequency which originated from MS.
Division Multiple Access) as a promising technology emad)li | an ideal case where all downlinks have coding opportu-
broadband wireless access. In OFDMA systems, the pigities and the subcarriers have uniform channel gains for al
scribed frequency band is divided into hundreds of orthafjonyss, CADSA can save half of the subcarriers, achieving a
subbands calleubcarriers The base station (BS) assigngwo-fold increase in capacity, compared with traditionat a
disjunctive sets of subcarriers to mobile stations (MS)olhi signment algorithms. However, the benefits of network ogdin
multiplex the available downlink capacity. In the originalyiminish in case of high multiuser diversity, when sharihg t
802.16 PHY specification, subcarriers are either stayioall same subcarrier may result in underutilized bandwidth. For
randomly allocated to the MSs, oblivious of their diversghstance, if MS in Fig. 1 is farther to the BS than MSand
channel conditions. In reality, however, the fading prefilary - has much lower channel gain, the capacity of both downlinks
across the whole frequency band, and even the same subcajigygunded by the achievable rate of the downlink to;MS
experiences independent attenuation when assigned toMSgisych cases, it may be more preferable to assign subsarrier
different locations. Such multiuser diversity have mdek separately, in order to maintain bandwidth efficiency.
dynamic subcarrier assignment (DSA) mechanisms, which 1o quantify the benefits of network coding in practical fad-
deliberately match each downlink to the set of subcarrierﬁ;g environment, we formulate an optimization frameworktth
supporting higher throughput. It has been observed that gRyides upper bounds on the performance of CADSA. In view
optimal DSA algorithm can achieve up to twice higher dowryf jts high complexity, we propose a suboptimal heuristiat th
link throughput compared with static assignment schemgghjeves similar downlink capacity and fairness. Compared
[2]. A large body of work has also focused on suboptimglith traditional assignment schemes, our CADSA algorithm
algorithms aiming at achieving similar performance at Iowgychieves much higher downlink rates, especially when the
implementation complexity [2]. . _ downlinks experience uniformly high SNR. In addition, we

In this paper, we add a new dimension to the literatufgroduce a scheduling and coding mechanism to CADSA such

of DSA, proposing a cross layer approach towatdsiing that no additional overhead is induced compared with exgsti
aware dynamic subcarrierassignment (CADSA). Taking ad- dynamic mechanisms for subcarrier assignment.
vantage of network coding, our CADSA algorithm combines This paper proceeds as follows. In Sec. Il, we review

the downlink frames heading towards different MSs, angisting work on subcarrier assignment algorithms and net-

This work was supported in part by LG Electronics, and by EBxhada Work coding protocols in wireless networks. In Sec. I_”' we
through its Bell University Laboratories R&D program. introduce the network models, as well as the scheduling and

I. INTRODUCTION



coding algorithm for CADSA. We continue to formulate the We model the wireless fading environment by large scale
optimization framework and describe the heuristic aldponit path-loss and shadowing, along with small scale Rayleigh
in Sec. IV, and then evaluate their performance in Sec. Yading effects. Due to the multiuser diversity, the achidea
Finally, Sec. VI concludes the paper. rate of a subcarrier depends not only on its fading profil¢, bu
also on which link it is assigned to, and how much power it has
) ) S been allocated by the BS. It has been observed that dynamic
Dynamic mechanisms for resource allocation in OFDMA\qyer allocation schemes achieve marginal performanae gai
downlink have been extensively investigated in literatie- especially with small attenuation spread among differeSsM
isting algorit_hms_ are centered aroun_d two (_)ptimizatiomﬁ!a [2], [3]. Therefore, we only focus on the CADSA with equal
works: maximizing the sum capacity subject to power angher allocationj.e. all subcarriers equally share the power

fairness constraints, or minimizing the power budget ﬁbjeoudget, and perform AMC according to the received SNR.
to per-link rate and fairness constraints. Both optimaati

problems are essentially mixed-integer programs proveyeto B. Frame Scheduling and Network Coding Algorithm for
NP-hard [2]. Instead of tracking the optimal solution witt e CADSA

ponential complexity, many suboptima! algorithms havenbee \ne assume the system is operating at TDD madse, the
proposed. These algorithms generally involve two aspéws: | jjinks and downlinks are activated alternately. In bottinkp
subcarrier assignment and the power allocation. Subearrig,q gownlink phase, the entire set of subcarriers are adidca
assignment schemes generally match each downlink with@ag|| sessions. As in most existing work [2], however, we
set of subcarriers with high channel gains (seg, [3], [4]).  only focus on the downlink subcarrier allocation. Specifica
Power allocation algorithms adaptively assigns transiomss pefore each downlink phase, the BS performs subcarrier
power to each subcarrier, which adjusts its modulation ty%%signment and XOR network coding simultaneously using
according to the SNR at the receiver side. Most of the aboyg, capsa algorithm. The input to the CADSA algorithm
algorithms reside in the MAC and PH.Y layers, without takingn_cludes the identity of each frame’s destination MS and the
advantage of the network level paradigms such as the scen@Hannel gain of each subcarrier. The destination identty ¢
in Fig. 1. A comprehensive survey of dynamic mechanisms i, found in the network layer header field of each frame. The
OFDMA networks has been presented in [2], to which wg,pcarrier's channel gain on the downlink is estimated at th
refer the readers for more details. _ MS using the training sequence in OFDMA systems [7], and
XOR network coding has already been implemented {fen signaled to the BS via the uplink. To reduce the overhead
802.11 wireless mesh networks to improve the unicage feedback information only contains the best modulation
throughp_u_t [5]. The basic idea is to Ioca_lly search for (_:gdlntype that a subcarrier can achieve given the current SNR.
opportunities, and XOR packets heading towards differetgiyen the above information, the BS first searches for
next-hops, based on prior knowledge of whether they C@@tential coding opportunities between each pair of frames
be decoded. The seminal work has been followed by map¥aging towards different MSs. A coding opportunity exists
other analysis and protocols. For example, [6] studied tlggr framesA and B if D4 = Sp and D = S4, where Sy
joint design of network coding and routing, and quantified iynq 1), - denote framek’s source and destination, respectively.
optimal performance. This line of research has mostly fedus, ihis case. the CADSA encodet and B into one frame
on the 802.11 models. The coding advantage in a multichangﬁbwing the ,two downlinks BS> Dy and BS— D 4 to sharé
system like OFDMA has not been exploited. the same set of subcarriers. At the receiver side, the mobile
[1l. SYSTEM MODELS stationD 4 extracts framed with the operationB @ (B @ A).
Rimilar decoding algorithm applies fdp .
_ For successful decoding, each receiver must determine the

Il. RELATED WORK

In this section, we introduce the underlying network mode
for CADSA. In addition, we describe the coding and schedul

ing algorithm used by CADSA. ?dentities of t_he encoded sessions_. Such information idigmp
in CADSA. Since exactly two sessions (if any) can be encoded,
A. Network Models the pairs of sessions that share the same downlink subsarrie

We consider a 802.16 cellular network where the basee exactly the encoded pairs. The subcarrier assignment
station can serve as an intermediate relay for MSs locatieformation can be found in the signaling field (DL-MAP and
in the same cell. Packets are transmitted from one MS to tbié-MAP [1]) in each downlink frame. In addition, the receive
BS through the uplink, and then switched to another MS vizeeds to determine the identity of the key frame that can
the downlink. We refer to such an end-to-end network flow atecode the encoded frame. Assuming there is no backlogged
a sessionWhen multiple sessions co-exist, it becomes criticdilames at the BS (which is reasonable for QoS guaranteed
to allocate subcarriers to the uplink and downlink of eacBFDMA systems like 802.16), then the key is just the latest
session, in order to maximize the total network throughpétame that the receiver sent out. With the above measure, the
while maintaining fairness. Such single-cell switchingwak CADSA frame becomes self-contained — it introduces no
models can be seen as a decomposition of multi-hop mulidditional overhead compared with the general DSA without
cell OFDMA networks, such as 802.16j based wireless mesbtwork coding.
network and its extensions. Admittedly, the dynamic subcarrier allocation (whether



CADSA or general DSA) introduces non-negligible overhead Z Tes — Z Y < 1,Vee(

compared with static assignment, which is caused by the s€Q (s,t)€P

uplink feedback information indicating the modulation ¢yp and: Z‘T/ _ Z W, < 1Veec @)
. cS ts —_ K

Fortunately, the overhead can be significantly reduced by = oes
coarse-grained adaptations (seeg, [7]). Such overhead Consequently, the CADZA optimization becomes a mixed-
reduction techniques apply to our CADSA algorithm as weljnteger linear program, with the objective and constraffi)s
2), (4), (5), (6) and (7).
V. SUBCARRIE.RASSIGNMENTALGORITHMS ( )2)(,6)\ I(-|e)zu§is)tic CA(\D)SA algorithm:The above CADSA
A. The CADSA algorithms mixed-integer program is NP-hard in general. Hence we
1) The optimization frameworkDenote ¢ and Q2 as the propose a polynomial time heuristic algorithm that can be
set of subcarriers and sessions, respectively.dLbe the set applied to the base station of real OFDMA cellular networks.
of coding opportunities. Each elementgnis a vector(s,t), Our basic idea is to assign subcarriers to each session in a
indicating that frames from sessierandt satisfy the network round based manner. In each round, we emplogsEignment
coding condition, and thus can be combined into one fram&gorithm to maximize the downlink capacity, andpenalty
To avoid repeated count, we dictate< ¢ for all (s,t) € ¢. algorithmto ensure fairness.
In addition, we define functio®(c, m) as the achievable rate In the assignment algorithmwe group the sessions into
of subcarriefc when assigned to mobile statien. Given the those with coding opportunities, and those requiring a umiq
feedback about modulation type, it can be obtainedRy- set of subcarriers. For ease of exposition, we first forneudat
Z’WTA whereb,, is the number of bits in a modulated symbolgraphical model for the assignment mechanism for the former
T, andc, are the symbol period and error control coding ratgroup (graphA4 in Fig. 2). This graph contains three sets of
respectively. nodes: the set of sessioftsthe coding opportunitieg and the
Our main objective is to assign an appropriate set glibcarrierg. A link assumes zero weight unless it is frento
subcarriers to the downlink of each session, such that taé ta, where the weight equals to the achievable rate when the link
downlink capacity i(e., aggregate downlink throughput) of theis matched to a specific coding opportunity. For instance, th
switching network is maximized while no session is starvedeight of P, — C; equals to mifR(Cy, Ds, ), R(C4, Ds,)).
Denote the throughput of sessieras )\, then the objective All links have unity capacity except those frogto ¢ which
function can be expressed asmx min, Ag, Or equivalently: can route two units of flows. Links from the virtual source
max A, Subject to:A < A\, Vs € Q (1) S to each session impose the constraint that a session can
The downlink traffic of each sessiomn consists of two only choose one coding opportunity (and correspondingly on
classesb,;, which is the amount contributed by subcarriersubcarrier) in each round, while links frogito the virtual
transmitting XORed frames for sessienand, V(s,t) € ¢; sinkT ensure that a subcarrier can be assigned to at most one
and u,, which is the amount of uncoded traffic carried byair of sessions irp.
subcarriers uniquely assigned to sessiofiherefore, we have:  Given the above graphical setup, the objective of the heuris
s = 3, bst +us, Vs € Q,(s,t) € ¢ tic CADSA is equivalent to pushing the maximum units of
and: Ay = 3, bes + s, Vs € Q, (£,5) € ¢ ) flows from S to T', and choosing the paths in such a way that

If two downlinks share one subcarrier, then the subcasrierm"’lximizes the total link vyeights. Obsgrving that ee_lch SEsSi
rate must conform to the one with lower achievable ratgan have at most one coding opportunity, and only links fgom

Denotez.; as a 0-1 variable indicating whether subcarrietpc have non-zero weights, we can transform .this problem into
¢ is assigned to the downlink of sessienThen,¥(s,t) € ¢, & max-weight max-flow problem on gragh (Fig. 2), where
be =5 Min(R(c, Dy), R(c, Dy)) - e - & 3) we patch void nodes (whose adjacent links have zero weights)
st — ceC ) s/ sy Lt tdes T Lt

where Dy is the destination MS for sessienlLety<, € {0,1} to either¢ or ¢ such t.hat\¢| — K".AS a res_ult, the orlgmal_
i : s 2 .problem becomes weighted bipartite matching (WBM), which
and y$, = z.szq, then the above nonlinear constraint |£

equivalent to the following linear constraintets, £) € ¢ can be easily solved using existing network flow algorithms
q g % ' such as the cost scaling algorithm [8]. Once a subcarrier is

bst = YeecMin(R(c, D), Rle, Dv)) -y, (4) occupied after the WBM procedure, it will be permanently

Yo < Tes,andyg < xep, Ve € (5)  removed from. The algorithm terminates when no more sub-
Furthermore, the amount of uncoded traffic can be obtainggriers can be assigned in a round. The assignment problem

by subtracting the coded traffic from the total rate allodatgor those sessions without coding opportunities can beesolv

to each session,e., Vs € 2, in a similar manner, except that the sets eliminated.
Ug = ZR(C, Dg)xes — Z Z R(c,Ds)yg;,V(s,t) € ¢, and: In the penalty algorithm we aim at providing a fair share
c€C ce¢ of bandwidth for each session. Specifically, we enforce the

: . i 4
s = R(c,D)es — R(c,Dy)ys, ¥(t,s) € ¢ (6) following penalty condition fotvs € : T — a Yoo lr >
Z ( ) ZZ ( Jois: V(0 ) Ryin, WhereTy is the downlink throughput (‘)f sessionin

ce(C ce¢ t
Finally, except for those carrying coded traffic, one subcahe current roundR,,;, is the achievable rate of a subcarrier
rier can only be allocated to at most one session. Therefonghen using the modulation type with the lowest rate. Session
we have the following constraint: satisfying the penalty condition are gaining advantagesr ov
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by the doppler spread, which depends on the MS’s speed
(throughout the simulation, the MSs are moving at pedestria
speed 2m/s, according to the random waypoint model with
pause period 0.01s). The combined complex gain is generated
using an improved Jakes-like method [9], which models the
frequency correlation between adjacent subcarriers aad th
time correlation for each subcarrier.

Without loss of generality, we choose the following set
Fig. 2. The graphical model for the CADSA problem: session widing of configurations from the 802.16d wirelessMAN-OFDMA

opportunities. Dotted nodes are void nodes whose adjaggwt have zero Y o . .
weights. Not all links frome to ¢ are shown. specifications [1]. The system bandwidth is 7 MHz, cen-

the average by approximately one subcarrier, and will figréd around the 5 GHz frequency, and equally shared by
prohibited from the next-round’s assignment. Correspagigi all subcarriers. The maximum number of data subcarriers is
some nodes inQ in the above graphs will be removedt>36; subcarrier spacing 553 kHz; symbol periodT; is
temporarily. 264us; downlink frame lengthly is 2 ms. Available mod-
The computational load of the above CADSA heuristic iglaﬂong schemesllnclude %P%K(errorl control COdeg rate),
dominated by the the WBM algorithm that has polynomidfPSKi: 16QAM;, 16QAMy, 64QAMz, and 64QAM;. The
complexity. Since we call the WBM algorithm for at mos€orresponding SNR thresholds are 6.0dB, 8.5dB, 11.5dB,

[1€17 rounds, the overall complexity is still polynomial. Sucht®dB, 19dB and 21dB [1]. When computing SNR, the BS
<2 fransmission power, noise temperature and noise figure are

an algorithm is well suited for implementation in the bas )
station of real OFDMA systems. 1w, 290I_< .and.7dB, respectlvely. Both the.BS and the MSs
use omnidirectional single-antenna transceivers.

B. The General DSA Algorithms

As a benchmark, we inspect the general DSA algoritine, ) )
the dynamic subcarrier assignment algorithm without netwo_ e compare three subcarrier allocation schemes: the cod-
coding. Such schemes have been extensively explored in ti@ aware dynamic subcarrier assignment (CADSA) algo-
literature. Here we consider the optimization based smiuti"ithm, dynamic subcarrier assignment without network ngdi
with equal power allocation (see,g, [3], [4]), as well as the (PSA), and the random|ze(_:i s_,ubcarrler allocation mechanlsm
corresponding suboptimal approximations [2]-[4] (hencisf (referred to as RAND). Similar to the scheme in 802.16,
referred to a®SA heuristiy, which selects one subcarrier withth€ RAND algorithm randomly allocates an equal number
the highest channel gain for each session iteratively) noti Of subcarriers to each downlink, and chooses the modulation
more subcarriers can be assigned. We provide more extendffe €ach subcarrier according to its SNR value. Since the
evaluation of it together with the CADSA heuristic in thePPtimal solution for CADSA and DSA cannot be obtained for
large scale scenarios using optimization software, weuatel
their LP-relaxations instead. The resulting linear-pamgming
V. PERFORMANCEEVALUATION solutions impose upper bounds on the original mixed-intege

In this section, we investigate the performance of thH@rograms. _ .
heuristic CADSA in comparison with the optimal solution, 1) Throughput comparison:We focus on the scenario

B. Experiment Results

following section.

as well as the non-coding schemes. where 8 mobile MSs are uniformly located in a circular cell
) with 0.6 km radius. We randomly start 20 pairwise sessions
A. Experiment Setup with constant bit rate traffic, assuming that the downlink

The key of our experiment settings is to derive the achieaf each session always has data to transmit. To limit the
able data rate of a subcarrier when it is allocated to anrarigit computation time of the linear programs, we only use 256
MS. This requires computing the corresponding SNR valuegnsecutively located data subcarriers of the entire faqu
and mapping the SNR to an achievable rate. To generatnd. We compute the downlink capacitye( the aggregate
realistic results, we adopt empirical parameters to moddbwnlink throughput of all sessions) over one second.
the wireless fading environment, and configure the OFDMA As shown in Fig. 3, the performance gain of CADSA over
system according to the 802.16 specification [1]. DSA keeps consistently around 75%. The downlink capacity

First, the channel impairment due to large scale fading @ the heuristic CADSA approximates the optimum well. Both
modeled by the log-normal model [9] with path-loss expone@ADSA and DSA outperform RAND by a significant margin.
2.4 and shadowing-loss standard deviatiotdB. We assume Notably, the throughput of the heuristic DSA can approach
that the shadowing loss varies on the time scale of 0.1 secoad even exceed the optimal values. This is at the cost of

The small scale fading effects are caused by movemedairness,.e, there can be a certain gap between the max and
of the MS in multipath environment, and modeled by thain throughput of all sessions when running the heuristics.
Rayleigh fading process. The inherent frequency selectiVe quantify the difference in fairness, we compute the 3ain’
property is characterized by an exponential power delafjlero fairness index [10] for all the above schemes. Denote the
with delay spread 1&s. The time selective nature is capturedhroughput of session as W;, then the fairness index is
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L. From Fig. 4, we see that the optimal LP so- =< Divershy gin =
121 1372 [~ CADSA gain over RAND /

Q
Iution‘s tgﬁaltozachieve full fairnessd., F' = 1). The intuition
behind is that the optimal algorithm can reduce the diffeeen
in throughput by switching subcarriers from high-throughp
sessions to low-throughput sessions. In contrast, thestieur
DSA and RAND tend to deviate from the optimal fairness A U DR DU S G
index. Remarkably, the fairness of the heuristic CADSA is 200 400000 o s {my 00 140 1900

. . . . . Fig. 7. Influence of attenuation spread on performance gains.
quite close to the optimum, owning to its penalty mechanism, 9 P P g

. . nism achieves significant performance improvement over the
Note that in these experiments, we assume that the sessi

are paired so that each session is interested in exchanging
information with another one, thus a coding opportunitysei VI. CONCLUSION

for each session. In practice, not all sessions may havegodi | this paper, we proposed CADSA, a cross layer protocol
opportunities, and therefore the gains of network codirs althat integrates network coding and dynamic subcarriegassi
depend on the fraction of sessions that can be encoded. ment for OFDMA systems. We formulated the optimal coding
2) Influence of multiuser diversityGenerally, multiuser aware subcarrier assignment scheme, and approximatethit wi
diversity (or attenuation spread) is reduced when we deere@ suboptimal heuristic. Our simulations in a realistic fagi
the cell radius, since the MSs’ difference in distances ® tlenvironment and under 802.16 settings have demonstrated th
base station is reduced. In Fig. 5 and Fig. 6, we explore tadvantages of the CADSA in efficiently utilizing available
influence of multiuser diversity on time-averaged downlingubcarriers. In addition, we identified an important trdfleo
capacity and fairness. As we increase the cell radius, thetween the coding advantage and the diversity gain, which
average channel condition deteriorates, resulting in ftowaay need further exploration from an information theoretic
downlink capacity. Meanwhile, the attenuation spread e perspective.
larger, making it harder for the heuristic DSA and RAND to
ensure fairness. With the penalty mechanism, however, the
heuristic CADSA keeps near-optimal fairness and yet mucH] |EEE Standard, “802.1%": Air Interface for Fixed Wireless Access

high E d h | diti Systems,” 2004.
Igher capacity, even under severe channel conditions. [2] J. Gross and M. Bohge, “Dynamic Mechanisms in OFDM Wireless

In general, the dynamic subcarrier assignment algorithms Sys_tems: A Surv_ey on Mathematical and System Engineeringricont
8 . . . butions,” TU-Berlin, Tech. Rep. TKN-06-001, May 2006.
outperform RAND in the scenarios with larger multluser[3] W. Rhee and J. M. Cioffi, “Increase in Capacity of MultiuseFDM

diversity [7],i.e., the channel gains of different MSs vary sub-  System Using Dynamic Subchannel Allocation,"Rroc. of IEEE VTG
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