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Abstract—We consider optimal allocation of resources to users effort (data) service. It is assumed that the deadlineibems
in a downlink OFDMA system to support heterogeneous appli- (DS) users have a higher priority than the best-effort (BE)
cations consisting of both deadline-sensitive (DS) and besffort users. The proposed algorithm computes the minimum sys-

(BE) data in a cross-layer manner. Given the user queue-stas ¢ to ‘iust t the deadli . ts of
and long-term channel statistics, the proposed persisterstchedul- em resources o just mee € deadline-requirements o

ing algorithm allocates the minimum resources to ‘just me¢ DS users. The remaining system resources (if any) are then
the deadlines for DS packets (QoS guarantee). The remaining optimally distributed between the BE users following one of

resources are optimally split between the users for their BE the following scheduling disciplines - i) Queue Proportibn
data to maximize sum-rate, minimize buffer holding cost or ay Scheduling (QPS), i) Maximum Weight Matching Scheduling

general utility function. We formulate the resource allocdion . .
problem as a single geometric program (GP) that can be solved (MWMS), iii) Best Channel Highest Possible Rate (BCHPR)

using standard convex optimization software tools. Simukion OF iv) Longest Queue Highest Possible Rate (LQHPR). The
results are presented to compare the performance of differe  relative merits of these four have been studied in [8] and any

objectives for the BE applications in presence of DS traffic. one may be implemented in practice by a design engineer.
Dynamic resource allocation requires periodically inferm
ing the users of a change in allocation strategy. The time-
Next generation wireless cellular networks will support @uration between resource allocation updates is knowneas th
variety of quality-of-service (QoS)-sensitive appliceis like scheduling period (SP). The authors of [1]-[6] consider a
streaming multimedia and high-speed data for downlinksiseSP on the same order as the coherence time, resulting in a
To support such high-speed wireless services, transmissgbnstant channel state over a SP. The implications of their
over a wide band using OFDMA is an attractive downlinlassumption, especially with a short coherence-time, is the
transmission technique. To utilize system resources infian eexcessive overhead of informing users of a change in tone,
cient manner, channel- and QoS-aware downlink transnmissipansmit power and rate allocation. Similar to the approach
techniques play a key role. Efficient transmission scheroes {7], in this paper, resource allocation is done by takingint
the OFDMA downlink require optimal resource, namely: toneaccount the long-term statistics of the channel. Sincedhg-l
rate and power allocation to the users based on their currésMm statistics change on a much larger time-scale, the SP du
channel states and backlogged packets. ration can be kept large, much longer than the coherence-tim
Resource allocation for the OFDMA downlink has attractedf the channel. The proposed resource allocation algorithm
much research attention. Under the framework of dynamic rerus, performs optimal resource allocation over severahokel
source allocation (considered in this paper), resourceation realizations (arising from an ergodic fading distribution
adapts to changes in users’ channel and queue conditions. &csingle-run. This is attractive from the point of view of
dynamic resource allocation, fast and less complex trassmiess complexity and less overhead of informing the users of
sion schemes are particularly interesting, even if they maty allocation changes. Since optimal tone allocation is a hard
result in a globally optimal solution. combinatorial problem, the complexity of resource allomat
Many scheduling schemes for the OFDMA downlink havand the overhead of informing users are further reduced by
been proposed, for example see [1] and references therdideping the tone allocation to the users fixed for the entire
In literature, resource allocation has been studied under tduration of the SP. This is also known as persistent schegluli
broad frameworks - F1) involves minimizing total transmif9].
power for given rate constraints and F2) involves maxingzin The work in this paper has several differences from those
(weighted) sum-rate subject to a transmit power constraint studied in [1]-[7]. Unlike schemes in [1]-[7], where a sieg|
either case, the optimal resource allocation, in genesaf i framework (either F1 or F2) is used for all users based om thei
difficult combinatorial problem [2]. The authors of [1], [2] QoS requirements; this paper considers heterogeneotis traf
[3], [4], [5], [6], [7] propose simpler approximations toegh and combines F1 and F2 for DS and BE users, respectively.
optimal problem. The resource-allocation solution considers both the gy
This paper studies the problem of optimal resource and instantaneous channel knowledge; and tone allocation
location in the OFDMA downlink to support users withdepends on long-term channel statistics only. The optitioiza
heterogeneous application requirements. Some usersreeqproblem is formulated as a Geometric Program (GP), which is
deadline-sensitive (voice/video) and others may need- beatstandard convex optimization problem that can be solved by

I. INTRODUCTION



standard software packages like Matlab, Yalmip, cvx, etc. A
similar problem was solved for the single-carrier case 0] [1

Numerical results are provided to compare the performaffice o
QPS with BCHPR (same as sum-rate maximization) for the

like number of tones, channel gain are varied.

Notation: 2 € C denotesz is a complex number|S|
denotes the cardinality (the number of elements) of aSset
S = 81 US, denotes set-union i.& contains all elements of
S1 andS,. S = §1\S» denotes set-difference i.6. contains
all elements ofS; which are not present i.. x := y denotes
the value ofy is assigned tar, to distinguish fromx = y,
which states a mathematical fact. Fig. 1. OFDMA Broadcast Channel [7]

Il. SYSTEM MODEL

Consider an OFDMA Broadcast Channel wihusers and e packet arrival-process and the average transmissien ra
M tones. Each tone undergoes independent and identic%]y P h . ”p he followi lati gh' hold f
distributed (i.i.d.) block fading according to a stationatis- K, Mat gmatlca y, the following relationship must hold for
tribution. In a block, if tonem is assigned to uset at a guaranteeing QOS to usér
transmission instant, the received signalx,, [n] is expressed Prob(Packet-delagArrival-Process, Ri) > Dy) < 1 — qx
as (2)

Yemlnl = him@em[n] + Zem|n] Each user, given its packet-arrival process distributionl a
’ application deadline, calculatg®, for a giveng, using Eqn
k=1t K, m=1t0Mmn=110Ns (1) (2) R, is the average transmission rate and its distribution
wherezy,, [n] is the transmitted symbohy., is the complex follows the distribution of the channel gain. BE users do not
channel-gain, anck,,[n] is the i.i.d. zero-mean complexhave any deadline for their packets. Hence, their rate afioo
Gaussian noise with unitary varianc’s is the number of IS flexible and any general BE objective may be used to
symbols within a block for whiclh.,, is constarit Both the @ssign rates to the BE users. In Section IV, we compare the
transmitter and the receivers have perfect knowledgk,qf, Performance of two such BE objectives - QPS and BCHPR.
which is reasonable for slow block fading assumed here. n

The fading distribution o, is discretelI'y,, denotes the . . ) . .
set consisting of the possible values of channel power-gain! NS Section describes the proposed scheduling policy and
Yem defined asyem 2 |hem|?. The channel power-gai, a coalition-based implementation of the algorithm based on

takes theith value 1, ., in the sef;,,, with probabilitypi. | [11]. If user k is allocated tonen, the power consumption

. PROPOSEDSCHEDULING SCHEME

Ceml i g P} when the channel is in thah fading state is
=1 km — **
The base station allocates resources every schedulingdperi } eShm — 1
(SP) which has duratiofi; secondsZs is much larger than the P = —, €))

coherence time4tc) of the channel, such that many channel _ _ . Tiem _ .
realizations are seen every SP. Lié denote the number of which is obtained by inverting the capacity expression
blocks transmitted per SP, then it follows thég is large. This i i i

assumption begets the use of ergodicity for the fading m®ce Skm = 108 (1 + ’Y’“mP’“m) “)
i.e. during the transmission dfg blocks,pi, Ng blocks see A. Geometric Program Formulation
the channel in statg Vk,m, 1.

! ) - The optimization problem is to maximize a general rate-
Consider two classes of users: Deadline-Sensitive (DS)

ds aﬁ'ﬁﬁective function for the BE users while satisfying minimu
Best-Effort (E’E) users. Of thég userg,K are IdDS and Ehe rate-requirements for DS users, an average power constrain
remaining K¢ are BE usersK® + K¢ = K). K% andK*  gnq the constraint that only a single user can be assigned to
denote the set of DS and BE users, respectively. There i$ &, tone. The last constraint makes the resource allocation
deadline for each packet of a DS user that must be met. Ig,piem an Integer Program (IP) that has been shown to be
packet deadline expires, the packet is dropped. There are\}_narq [2]. By making two approximations, the proposed

deadlines for the packets of BE users. , _ solution reduces this Integer Program (IP) into a Geometric
For a DS user, the deadline associated with the application

Dy, the packet-arrival process, and the QoS guaragiee 2in practical systems, when using practical constellatitikes QAM, the
. .. . e . ) i i

imply a minimum average required-rafé;;". Typical values rate expression in Eqn (4) is modified s, = log (1 + Zhp Pl

of ¢, can be 0.9 or 0.95. Since, packet-delay is a function gf | denotes the gap to capacity.

At ) ) SA peak power constraint for each tone arising from a PSD maskatso
INg = mﬂﬂ whereTsym is the symbol-duration. be easily incorporated.

, Where



Program (GP) that can be easily solved with a standard conwibject to:
optimization software package.

. . . 0<pem <1, Vk, V¥V 13
Consider Queue Proportional Scheduling (QPS) for the BE = Phm = mn (13)
user objective, the IP optimization problem is: > okm <1, Ym (14)
k
maximize 0 (5) DO Finbhn = 0Q, VE K™ (15)
m =1
. . ‘Fan‘ ) )
subject to: Z Z riopi = R;Ceq’ vk € 8 (16)
m =1
bem € {0,1}, Yk, Ym (6) ri >0, Vk, VYm,Vi (17)
Zbkm = 11 vm (7) 1 T e"licm . _
; YD - D o pm <P (18)
[T hml k. m Pkm = Tkm
SN Shnbhm = 0Q0°, k€ K™ (8) The resulting variables in the optimization problem éy@y.,,,
m =1 andri . The optimalp;,, are fractional and must be resolved
ITeml o g to binary values before the final allocation is complete. A& D
Z Z SkmDim = R s Vk € K% (9) users have a rate requireme®f’, they have preference over
m =1 the BE users in selecting tones. While the BE users do not
Skm = 0, Vk, Ym, Vi (10) have a hard rate-requirement, they are expecfidf° from
Caml si 1 B the solution of the GP:
2.0 b Y ——Pm <P (D s
koom =l km R°c = <7m€]@e pkm) 0* Q% Vke kP  (19)

The Yariables in the above optimization problem &&m  The first term in Eqn (19) is a scaling factor of the allocated
ands;,,,. The objective maximizes the BE users’ expected-rafges hased on the fraction of tones assigned to the BE users.

via the scalarf as seen in (5), while constraint (8) requireSne ps users are indexed fromthrough K% and the BE
BE users’ rates to be proportional to their queue states. The€ars are indexed fronk® + 1 to K% + KP®. Considering

constraints (6) and (7) oby,, limit a tone to be assigned to preq 5.4 Rzlloc’ the following algorithm assigns tones to the
one and only one user. The constraint (9) forces the DS us and BE users:

assigned-rates to meet their required rates. The conts{fzh Tone Assignment Algorithm
is the non-negativity of rates;, . The last constraint (11) Q) T =M Tua= o

requires the power on the assigned tones to be no more that ) fo'r k:i {’S'de-

the average available powét. ©) while R > 0:

To construct a GP from the IP described by (5)-(11), two(d) if Tk: &, s:cop;
approximations and a change of variables are made: e)
(1) Relax (6) to0 < pg,m < 1. This results in a non- )
combinatorial problem, however it is not jointly convex.

C= ArgMaxXmeT Py,
a;.:=1; afk,c, Kk 0; 7:= T\¢;, Tgs= TgsU c;

(2) Define i, = log (1 +7},,pkmPi,,). Replacest = with (@) R;ceq:_: R - [ZLF:T‘ log (1+ WIZCCP/@Z)};

5¢ . This results in a jointly convex problem, however it is (N end-while;

not in a standard form (e.g. LP, GP). (i) end-for;

(3) Approximate 3, by 7%, = log (YimpkmPly). This () Toe= M\Zas

results in a GP formulation. (k) Re-index the BE users in decreasing order of u@,ﬁ?
The relaxation(1) and change of variabl€) methods are I.€. Q?ins = Qgins 2 QFI%:KbeJrKdS];

fairly standard and were also used in [2]. The approximation(l) for k:.1+Kdi to K™+ K%,
(3) is fairly accurate in the high signal-to-noise ratio (SNR)(M)  while RZ¢ > 0;

regime. (n) if 7= ¢, stop;
The resulting Geometric Program for QPB: (0) = algmaxmer Pl
(p) a4 =L5 Al 2= 05 T:=T\q
- @  RPeo= R [N os (1491
maximize 6 (12) ()  end-while;
(s) end-for;

4“MWMS,LQHPR based on [8] can be formulated as a GP in a similar If the algorithm exits from line (d), some DS users will suf-
manner and is skipped because of space constraint. fer a non-zero packet-drop rate. After the tones are além;at



i.e. the binary-valued assignment variablgs, < {0,1} are

determined, the last step is to.assign power to each tone. Fol “ /0" BE Useruith Longest Queue (0PS) -©
the DS users, this is simply}* obtained fromr}: .k € - © = BE User wih Best Channel (QPS)
K9, m € Ty For the BE users, there is the possibility that ol == B8 ser i Best Chame (S”mfRate)“_w“ i
more power is available. Therefore, the assigned power from .-
the GP solution, i.eP/,,k € K" m € T is scaled such e LT
that all available powerP, is used. There are no iterations of g e et o
the proposed algorithtn & @ Wi _-*’m
B. Practical Implementation u/" ’_,:'_f.w'"

For a large number of tones and users, solving a GP is 1007 ‘,x” “ﬂ_,‘\_‘g:‘*"”’ ““““
impractical given the current state of GP solvers. Theefor il ,,.,<\<3"_""
coalition-based solution based on [11] is used for simaoitesti Pl
Instead of solving a single GP with/ tones andK users, so: - - e -
smaller non-intersecting subsets of tones and users arestbr H (dB)

called coalitions. Each coalition is given a fraction of the

total power in proportion with their size and rate-requients. Fig. 2. QPS v/s BCHPR (Sum-Rate Maximization) for the BE siser.t.
The GP is solved for each coalition. Using the terminology

from [11], solving the GP is the equivalent of bargaining

for resources. After the first iteration of bargaining ocgur

new coalitions are formed based on the Hungarian method,
150

see [11]. The GP is solved over the new coalitions, and this 70 BE User with Longest Queue (QPS) o
process iterates until convergence. This approach redhees -ievidmbui s ISR
complexity of solving a large GP but introduces an iterative = B = B User with Best Channel (Sum-Rate)_ .+ .
approach to the problem. It
100 - -7
IV. NUMERICAL RESULTS ’,—" o

This sections presents numerical results comparing the & one” o
performance of QPS and BCHPR for the BE users, in the e L
presence of DS userds® = 4 and K" = 6. The DS sof e Lewnilo-e”
users’ rate requirement?,>?, and the BE users’ queue size e \,,v»‘"/&
(bits), Q, are uniformly-distributed random integers between E,u"’
1 and 10. The channel fading distribution on each tone is
i.i.d. Rayleigh with mearny,,. The meany,,, Vk, Ym is ol - 5‘4

32
Number of Tones (M)

uniformly-distributed ag/[0, z1]. Also, |k |, V&, Vm is fixed

to 2. We look at quantized channel state feedback because

practical receivers feedback only a finite number of bitghis  rig. 3. QPs vis BCHPR (Sum-Rate Maximization) for the BE siser.t.

case 1 bit per tone. Average power constraint,is set to50 M.

dB. We compare the performance of BE objectives - QPS and

BCHPR in the presence of DS users’s rate constraiR{!

The rate constraints of the DS users are always met by the

solution of the proposed GP, so we compare the performangser with a high-queue length and low channel-gain is assign

of the BE users only. Each point is an average over 10 rurs,very low-rate by BCHPR (dotted-curve withl). While

where in each run, all the random variables are generatedQiS results in a total rate less than BCHPR, it consider both

an i.i.d. manner. As described in Section III-B, a two-usejueue-size (explicitly by maximizing Egn (12)) and channel-

coalition-based algorithm is used instead of solving one Gfains (implicitly by trying to minimize power-consumption

over M and K, see [11]. and meeting theP constraint), and therefore is considerably
Figure 2 studies the effect of increasipgor every user on more fair than BCHPR. As can be seen from Figure 2, QPS

each tone. Total number of tonég is 64. Of the 6 BE users, allocates a high-rate to the user with the largest quetee-siz

we focus on two of them - the user with the best chann@otted-curve with o) at the same time assigning a deceat rat

gain and the user with the longest queue size. As seen freonthe user with the highest channel gain (dashed-curve with

the plot, BCHPR strictly favors the user with the best ch&nne). Figure 3 makes the same comparison by increasinghe

gain (dashed-curve withl) which clearly maximizes the BE total number of tones whenp is fixed to be 20 dB.

users’ sum-rate. However, this strategy is not fair, e.g.Fa B Figure 4 shows that the number of iterations for the resource
5A similar assignment method is proposed by [3] to fofee 's to be allocation to converge for both the QPS and BCHPR objectives
binary-valued. is between 2 and 6.
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V. CONCLUSION

This paper proposed a persistent-scheduling algorithm for
the OFDMA downlink that provides a QoS-guarantee for
deadline-sensitive service and efficient resource-atioador
the best effort service. The optimal resource - tone, transm
power and rate allocation problem was formulated as a Geo-
metric Program that can be solved by standard optimization
software. An iterative-bargaining approach to solve serall
GPs was provided and used to generate the numerical results,
based on the work of [11]. A comparison of two different BE
user objectives, QPS and BCHPR, was provided to show the
flexibility of the proposed algorithm. By allowing a general
objective solution, a network-designer has the abilitypedfy
an allocation strategy based on a system-level desigrriarite
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