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Abstract—We consider optimal allocation of resources to users occurs on a time scale of 5 s
in a downlink OFDMA system to support heterogeneous ap-  Resource allocation objectives typically fall into two beb
plications consisting of both deadline-sensitive (DS) andbest- categories: (i) minimize total power while satisfying rate

effort (BE) users. Given the user rate-requirements and log- . . . - bi .
term statistics, the proposed persistent scheduling algghm duirements; or (i) maximize rate subject to power constei

allocates the minimum resources to ‘just meet the deadline These two objectives generally align with serving deadline
for DS packets. The remaining resources are optimally splito  sensitive (DS) and non-deadline-sensitive traffic, resyay.
maximize a rate objective for BE users. We resort to a greedy- That is, DS users are thought to have a hard rate-requirement
tone allocation algorithm to solve the optimization problen. . onq e packets meet their expiry deadline. While users
By considering persistent scheduling instead of instantaous . . - .
scheduling, the proposed scheme’s complexity and required with non-deadlme-sen_smve Frafﬂc are treated_ as bdsrtef
feedback overhead is significantly reduced, hence a pracit (BE) users, where their rate is maximized subject to resourc
algorithm for a real-system. constraints. In the published literature, most schemesiden
only one of the two objectives, whereas practical networks
have both DS and BE users, and a single objective algorithm
will perform poorly in satisfying all users.

_ _ i . _ In this paper, three ideas for OFDMA resource allocation are
The rapid growth of multimedia traffic in the wireless

considered: (i) persistent tone-allocation; (ii) hetenogous

downlink necessitates efficient resource allocation toecog - consisting of DS and BE users; and (iii) a low complex-
with system constraints. OFDMA is an attractive transnissi v, »|qorithm. Persistent tone allocation refers to fixing tone

strategy due to its spectrum efficiency and robustness é-intyjcation for users over many channel coherence times. The

symbol interference. In OFDMA networks, the base-statiqgg erm statistics of the channel are employed to allocat
(BS) allocates tones to users in a time- and/or freqUengyaq 1o specific users. By reducing the frequency of solving
division manner. In static allocation schemes, the trattemi ;. tone-assignment problem, the computational complexit
predetermines and fixes the tone allocation for all timehsu?equired at the transmitter and the overhead between users a
schemes require negligible complexity but are not optithizg' 516 reduced, as compared with instantaneous scheduling,

fo_r varying channel cor_ndmons an_d Quality of Se_rwce (Qo%here the allocation problem is solved on the same ordemof th
criteria. Hence, a large increases in performance is pesS0 o annel coherence time. A low complexity greedy-allogatio

dynamically allocating resources: tone assignment, @iél, q.heme js introduced that jointly solves the optimization
power based on Channel State Information (CSI) and Q%?oblem for both DS and BE users.

requirements. _ Notation: |S| denotes the cardinality (the number of el-
The degrees of freedom available to the BS to aIIocaé@nemS) of a seS. S = S, US, denotes set-union i.eS
tones, rate, and power allow for highly optimized allocasio gntains all elements af; andS,. S = S;\S, denotes set-
and improved system performance, albeit at the expenseqgference i.e.S contains all elements of; which are not
high computational complexity. For a globally optimal solupresent inS,. 2 := y denotes the value af is assigned ta,

tion, the discrete nature of tone aIIoca_tion re_sults in a Nis5 distinguish fromz = y, which states a mathematical fact.
Hard 0-1 Integer Program [1]. In published literature, sub-

optimal algorithms have been proposed with varying com- el
plexity, performance, and assumptions to allocate ressurc ? m
[1], [21,[3],[4].[5].[6],[71,[8]. The benefit of these subptimal Y ket

algorithms is their performance increase over staticealion H\"“"”|\"|II||HHIH|]||||HH|H]\ | ﬂ User2
schemes, and their low complexity compared to the optimal - Y
0-1 Integer Program. i_ .

Nonetheless, most current research has focused on allocat V MK
ing resources based on the instantaneous CSI, which change_
within the coherence time of the channel. Hence, there is an
implicit need to solve the optimization problem on a similar
time scale. This limits their practicality when designingeal-

system where the complexity in solving the allocation peotl
and overhead of informing users of a new allocation strategy!A typical value for channel coherence time in the WiMAX stardi

I. INTRODUCTION

magnitude

Fig. 1. OFDMA Broadcast Channel [9]



Il. SYSTEM MODEL DS users, likewise forkBE, KBE and MBE for BE users,
ch thatk = KPS+ KBE K = KPSy KBE, and M =

Consider an OFDMA Broadcast Channel with K users a DS BE . )
'r%l UMPE. For a DS user, the associated packet deadlipe

M tones. Each tone undergoes independent block fading i.€. X .
the channel state is unchanged during a coherence time 4y Packet-arrival process, and the QoS guarapteenply a

. . eq .
then changes in an independent manner to a new realizatigh’'Mym average requwe(?(-ra@I. T)_/plca;l values ofip;] can .
If tone m is assigned to usek, the received signaly., is be_0.9 or 0.95. Since, pac et-d_e aylsa unction o t_e packe
expressed as arrival-process and the transmission ratg, mathematically,

the following relationship must hold for guaranteeing QoS t

Yem = NemTrm + Zkm, userk:
k=1ltoK,m=1toM 1) Prob(Packet-delafArrival-Process, Ri) > Di) <1 — g
where xy,, is the transmitted symboli,, is the random @)

complex channel-gain, ang,,, is the i.i.d. zero-mean compleanCh DS user, given the distribution of its packet-arrival

Gaussian noise with unitary variance. There is a total pow2cess andy, calculatesi;, for a giveng, using Eqn (2).
constraint on each OFDM symb@ttota!. BE users do not have any deadline for their packets. Hence,

The fading distribution ofi,,, is discrete. Let the channelthe" rate allocation _is flexible and any general BE objexctiv
power-gainyy, be defined asyum 2 |hum|2 Tim denotes may be used to assign rates to the BE users [10].

the set consisting of the possible values@f,. vin takes I1l. PROPOSEDSCHEME

i ; ility mi Teml i _
valuesy,, _W'th probability pi,, > ;1" Pl = 1. This section gives an explicit formulation of the problem,

¢ h | statistics. Thi ton i od tate N§Escribes the proposed greedy-tone allocation algoritind,
erm channel statistics. This assumption is require ate o dies two benchmark schemes.

tones in a persistent manner. However, unlike many previous
works, instantaneous CSI at the BS is not requireddidr A. Problem Formulation

users orell tones. Instead, for any tone, instantaneous CSI  The gpjective is to maximize the ergodic weighted sum-rate
is only required by the user allocated tone Note that the o BE ysers while satisfying rate requirements of DS users

amount of CSI at the BS is significantly less than is requiregq total power constraints as seen in Eqn (3)-Eqn (7).
by instantaneous scheduling as discussed in Section III.

A scheduling-period (SP) is the time between the BS re- jaximize:
allocating tones to the users based on their long-ternsstati _ _
and is of durationTsp seconds. The duration of an SP is Do wed bkm Y Pt (Pim) @)
many times larger than the coherence time of the channel ke{KBE} Ko @
tcoh 10 ensure that the ergodicity of the fading channel dis- subject to:
tribution holds. The frame-period (FP) is the time between

link-adaptation (re-allocation of power and rate to thersise Zbkmr}ﬁ > R Vke{ KPS} (4)
and is of duratiorifrp seconds. The frame-period is set equal m

to the coherence tim@rp = teon IN persistent scheduling, D> bem P, < POV (5)
link-adaptation is done everygp, but tone allocation is m ke{K}

performed everysp. The reason for persistent tone allocation brme{0,1} (6)
but instantaneous link-adaptation, is that tone-allocatis

optimization over a discrete-set which is fairly complixdt k%;}b’”” <1,vm (7)

whereas optimal link-adaptation has a closed-form expess
for continuous power and rate allocations. A comparison of The discrete optimization variablg,,, denotes tone allo-

the different scheduling methods is shown in Table I. cation, i.e.b,, = 1 if tone m is allocated to usek, and
brm = 0 otherwise. The continuous optimization variables are
TABLE | Pi.., the power allocated in noise statgand i, , the bits
RELATIVE TONE ALLOCATION AND LINK ADAPTATION PERIODS FOR m . . ) . . m .
DIFFERENT METHODOLOGIES per tone in noise staté In this formulation, a continuous
1., IS employed rather than a practical discrete constellation
Sheduling Miethod | Tone Assgnment | Link Adaptation to simplify analysis. The parameters, are the user weights
Period (Tsp) Period (Tkp) for weighted sum-rate maximization, and, in practice, can b
gtaﬂ? - O; ;FP altered to consider fairness, QoS requirements, etc.
ersistent Fp << Tsp < 00 FP ; _
INSENTANEOUS T T For BE users, the power allocatdd,, follows a water

filling strategy where more power is allocated in good chéanne
states, and less power in poor channel states. For DS users,
Let M be the set of all tones. Then, |&PS denote the a constant rate must be satisfied in all fading states when
number of deadline-sensitive useks?S denote the subset of not in outage, as captured in Eqn (4). In this case, the BS
DS users, and\UPS denote the subset of tones allocated tallocates power based on truncated channel inversionjghat



more power is allocated in poor channel states, and lessrpovgeallocated one tone from among the worst tones for the BE
in good channel states. If the channel state drops belowodf cubbjective. Given their rate requirements, the BS compttes t
value~,, outage results [11]. The constant rate maintained fonitial power required for meeting DS users’ rate requiratse

DS users is,

128 =10g(1 + O )PTOYim > 7o), (8)

The remaining tones and power are then used to calculate the
BE user objective function.
After the initialization, tones are incrementally takeorfr
the BE users and given to the DS users. The BS recomputes
power required by DS users, and with the remaining

whereoy,, is the constant channel state for DS users that tlﬂx?e

BS maintains by dynamically adjusting’,,,, given as,

i i\
Okm = Pkm’)/km? Vi

power, maximizes the BE objective. The scheme is explicitly
described below:

The constraints given by Eqn (5)-Eqn (7) specify thdfitialization:

the power allocated in a noise state cannot exceed the total
power, tones cannot be fractionally allocated, and tones ca

be allocated to at most one user, respectively.

B. Greedy-Tone Scheme

As the allocation of tones remains a hard optimization
problem over a discrete space, we propose a heuristic scheme

Rank BE tones using Egn (10)-Egn (11);
Let KPS worst BE tones be assigned to DS users
so, M3 | = KPS and MG, | = M — K5
From ME’S‘), allocate one tone to each DS user such that the user
with the highest rate requirement is given its best tone andrs
Determine power required for DS usef%ys ;
Set iteration numbey := 1;

to perform tone allocation based on the long-term channétreedy-Tone Iteration:

statistics. The proposed scheme is a greedy-tone allocatio
scheme that tries to ‘just’ meet the DS users’ rate requirgse
with minimal resources. The intuition of the scheme arises
because of the interdependency between allocating tortes an
allocating power to the DS users. For example, allocating
few tones to the DS users will require high power to meet
their rate requirements, leaving little power for the BE rase
Likewise, allocating too many tones to the DS users will
reduce the required power but will leave only a few tones

While (MBE # {¢});
« BE
Remove worst tonen(;, € M(;_q
BE | _ BE .
80, IM@H | = MGl — L
Allocate m(;, to the DS usér that minimizesP(DjS)
DS | = DS .
SO M| = MGy +1;
Compute BE ObjectiveDbj ),
" BE BE _ pitotal DS.
with MG ande = P% — P{;
j=j+1
End,;

to the BE users. Therefore, the proposed scheme decides Hafsh:

the number of tones and power to the DS users in a greedy-

manner to maximize the BE objective.

Greedy-Tone lteratio corresponding to maximur@®bj ;)
is the final allocation strategy;

The algorithm is split into an initialization stage and the

greedy-tone iterative stage. In the initialization, the B8ks

In any iterationj, P¢} increases bufMP5| decreases,

tones based on their potential contribution to the BE object henceObj;) may either increase or decrease. Notice &
For each tone and BE user, the possible contribution ircreases sincé"?S always decreases as DS users are allocated
approximated by the weighted geometric mediherefore the more tones. This reduction in required power is clear bexzaus

value a tone contributes to the BE objective is givenuby,

(10)

o = m’féLé(Eny;”’“p(%), m=12,...M
ke i

Then the tones are ranked among other tones as,

My (1) arg max fiy, , meM (12)
Mpa) = AIGMAX [y, meM\my (1)
My(vy = ArMAax fy, meM\{my 1y, ..., Mrpr—1)}

Wherem ;) andm () correspond to the best and worst
tones for BE user objective, respectively. Then, each D% us&

2The geometric mean is the natural metric because for wéltagfrate

i

is given by~ log(v*)p" = log(IT;~7 ) [11].

the rate requirements are fixed, and additional bandwidth an
degrees of freedom are available to the BS to allocate rate an
power, henceP(B)S > P(?c?,j < k.

C. Benchmark Schemes

The proposed persistent scheme is compared with an in-
stantaneous scheduling and a static allocation scheme to
highlight the performance advantages and trade-offs ol eac
scheme. The instantaneous scheme utilizes the same greedy-
tone algorithm described in Section 11I-B with a modificatio
to Egn (10) given as,

~1 W —
umflgnlzégg'yi ym=1,2,... M
€

(12)
The static scheme allocates an equal amount of tones to
ch user and only performs link-adaptation, [.%J tones
are allocated to each user. M — |2£]K # 0, DS users

req

3f the kt" DS user had. tones, the rate on each tonef%



are randomly selected and given one tone until all tones arkinterest: (i) throughput of the BE users, and (ii) reqdire
allocated. feedback in bits for a particular scheme.

The feedback requirement for the persistent scheme isFor the plots,R;>* = 5 for all DS users,P® = 300, the
considerably less than the instantaneous schemes, arabés dilistribution of ¥, ~ U[20,27]. Figure 2 studies the effect of
to the required feedback of the static tone allocation seherncreasing the number of DS users frdnto 15 on the BE
as numerically shown in Figure 3. In the static schemasers’ throughput. The number of tones in the OFDM symbol
users must feedback their channel values for link-adaptatiis M = 64, the number of BE users i&5E = 2, and the BE
resulting in an overhead aof/ Byea bits, where quantization users’ weights are equal; = wy = 0.5. As can be seen in
level of a real number i34 bits. In the persistent schedulingFigure 2, the instantaneous scheme performs better than the
scenario, in addition to thé/ Bea bits overhead for link- persistent scheme but requires a significantly larger amoun
adaptation, everysp secondsTsp >> Trp) all users feedback of feedback as seen in Figure 3. Also, the persistent scheme
the long-term statistics, e.g. the geometric mean of eawh. toachieves better performance than the static scheme, byt onl
Due to the infrequency of this additional term, the feedbad¢kquires an incremental increase in feedback. As is expecte
requirement does not grow as quickly as the instantanealkthree schemes suffer a decrease in BE throughput as the
scheduling, wheré\/ K Beg bits must be fed back eveffp number of DS users increases.
seconds. The inherent assumption of the persistent scteeme i
the validity of the long-term statistics ovékp seconds.

The complexity of each scheme is compared in Tabte II
The static scheme has constant complexil) due to the
closed form expressions for link-adaptation. The instambais s |o o
scheduling scheme solves a greedy-allocation algorithenyev 200¢ @0
Trp seconds resulting in a complexi®(M K). The proposed
scheduling scheme solves the greedy-allocation algorithm
only every Tsp seconds, so the complexity is reduced to
O(F2MK).

BE Users Ergodic Sum-Rate vs DS Users
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COMPLEXITY FOR THE DIFFERENT SCHEMES 50

Instant. Alloc XX

O - Persis. Alloc (Proposed) x

Scheduling Method

Complexity

Static

o

Persistent

O MK)

Tsp

Instantaneous

O(MEK)

x - Static Alloc

2 4

6 8 10
Number of DS Users (KDS)

12

14

Fig. 2. Various schemes performance considering BE thiougbersus the
number of DS users

IV. NUMERICAL RESULTS Figure 3 highlights the necessary feedback between static,

In this section, the proposed persistent scheduling schepegsistent, and instantaneous scheduling as the systam siz
is compared with instantaneous scheduling and a static tonereases in terms of tones. The long-term statistics &enta
allocation scheme for heterogeneous traffic. The numeri¢al be valid over 100 coherence times, iBp = 1007kp.
results suggest a large decrease in feedback overhead &ne number of users is taken &S = 20 where the specific
complexity are possible with some performance degradationmber of DS and BE users is irrelevant for this feedback
when allocating tones in a persistent versus instantane@aparison. The total number of toné$ varies from 16 to
manner. 128. From the discussion in Section 1lI-B, it is clear that th

The results are simulated considering a Rayleigh fadimgcessary feedback for instantaneous eclipses the otloer tw
distribution discretized to 4 levels where quantizationlime schemes especially wheli andTsp are large.
by dividing the channel gain pdf into 4 regions of equal

" . , V. CONCLUSION
probability. Quantized channel state values are congsidere _ | . . .
because of the finite number of bits that users feedback S Paper proposed a persistent scheduling algorithm
in this case By = 2 bits. The number of DS users isfor the OFDMA broadcast channel that provides QoS for

varied to evaluate the performance as the system is stresiggdline-sensitive service and allocates the remaining re
with additional rate requirements. The BS maximizes the t§@Urces for the best effort service. The scheme utilizes a
ergodic weighted sum-rate for BE users, where the Weigrg{geedy—tone allocation scheme that allocates tones te irser

are equal. We study performance in terms of two quantiti@sperSiSte”t manner, but still performs link-adaptatioergv
channel coherence time. Through simulations, it is shown

that the persistent allocation scheme greatly reducesédhe n

4f = O(¢) means that f |< A¢ for some constantl and for alln with i )
essary feedback compared to the instantaneous scheduling

a sequencd, .



Required Feedback from Users
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Fig. 3. Required feedback for the various schemes

schemes, but suffers only a slight throughput degradation.
For practical implementations where limited feedback is a
necessity, and thus instantaneous scheduling is not feasib

persistent scheduling offers a low-complexity flexibleusiain

to accommodate heterogeneous traffic in an optimized manner
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