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ABSTRACT has the best instantaneous channel condition. Diversity gain

We consider the problem of subcarrier allocation to multi- arises from the fact thatin an OFDMA system with multiple
ple users in a downlink OFDM access system. We study USers, whose channels vary independently, there is a high
allocation schemes that provide varying degrees of trade-Probability of having a user whose channel quality is above
off between (i) achieving throughput fairmess among users, @ certain threshold. Such a sgbchannel asagnment_clearly
(ii) meeting tolerable latency requirements specified by the €2ds to alarger system capacity as compared to the fixed al-
user applications, and (jii) achieving higher system capac-location scheme. However this scheme tqus to excessively
ity. The performance of the subcarrier allocation schemes isf@vor users that have good channel conditions and neglects
evaluated through simulation results. users that may be farther from the BS and hence have poorer

channel quality. Moreover users supporting real-time traffic

have delay constraints that need to be respected; such QoS

considerations are not accounted for in the best user-channel
q Selection scheme. Thus there is a need for a subcarrier allo-
8ation scheme with the following characteristics.

1. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) base

systems have been proposed as a solution for broadban

wireless access [5] Simultaneous downlink transmission of (I) Exploit multiuser diversity offered by variations across

data to different user terminals can be provided using wire- the time, frequency and spatial domains of the user

less OFDM by assigning different subcarriers to different channels.

users. A good subcarrier allocation scheme should account . o ) .

for channel fading characteristics and balance user quality (I) Apportion fransmissions to users in a fair manner.

of service (QoS) requirements. In this work we study a sub- (1) Handle delay requirements of real-time traffic.

carrier allocation scheme with these features in the context

of a multiuser OFDM access (OFDMA) system. In this paper, we consider subcarrier allocation schemes that
Consider a single cell with a base station (BS) employ- attempt to embody the above mentioned features and study

ing an OFDM based multiple access scheme to transmit datdheir performance in a multiuser OFDMA environment.

to K users. In awireless environment, the channels between ~ The capacity of a multiuser OFDMA system can be in-

the OFDM system at the BS and the users vary both with creased by (i) intelligent subcarrier allocation, and (ii) power

time and across frequency. Further, due to geographical lo-and bit loading. Our focus in this work is only on the for-

cation differences, users experience different channel con-mer aspect. Algorithms for power and bit loading in a mul-

ditions even though on the same subcarrier frequency. In atiuser OFDM system can be found in [4], [7] and [14]. Joint

naive fixed equal subcarrier allocation scheme, a fixed equi-Optimization of subcarrier assignment and power/bit allo-

sized set of subcarriers is allocated to each of the users. Th&ation is however impractical due to prohibitive computa-

time-frequency channel variations can however be exploitedtional complexity. A suboptimal approach would be decou-

for multiuser diversity gains by allocating the OFDM sub- Ple the two problems. In particular by doing so, the mul-

carriers to the users as follows. Assuming that the BS hastiuser power and bit loading problem reduces to a set of sin-

knowledge of each of the user’s channel condition, a subcar-gle user power and bit loading problems, for a given subcar-

rier (or a group of subcarriers) is allocated to the user thatrier allocation. Efficient algorithms for power and bit load-
ing in the single user case are available for example in [6].
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Fig. 1. Single antenna OFDMA system supporting multiple users

is based on exploiting multiuser diversity to increase capac-the channel between the BS OFDMsth subcarrier and
ity, the subcarrier allocation schemes in [4], [8], [14] aim thei-th user at time instant. The capacity on this link is
at minimizing transmitted power for given bit rate and error given by the well-known expression

rate constraints. A more general approach to allocating sub- )

garriers is adopted in [12] by considering user—util?ty func- Ci(k,n) = log, (1 + M'pi(k’n)) ) (1)
tions. Scheduling algorithms for CDMA and multiple an-

tenna systems have been treated in [1], [11], [13]. Multiuser Denote the average throughput of usaorresponding to

diversity (\j/v]:;th propo.rtio_na:: fairn(re]ssé V\I/.as t.rea;]t.e?] ig [13]. In the k-th subcarrier by ., (k, n). We assume that the BS
[1], [11] different criteria for scheduling in high data rate keeps track o (k,n) and C; ., (k, n) for each uset on
(HDR) systems have been proposed. each subcarriek.

In the next section, we describe the multiuser OFDMA We model QoS delay requirements for real-time users
system under consideration. We then describe in section 3a|ong the lines of [1], [11]. For user denoteW;(k) to

a subcarrier allocation scheme specifically targeted at real—be the symbol delay on subcarrier T the threshold de-

. . . . . . K3

time user applications. Simulation results comparing the lay ands; the maximum probability of exceeding it. Note
performance of the subcarrier allocation are shown in SeC-that by enforcing a worst-case delay requirement on each
tion 4. Conclusions are drawn in section 5. subcarrier, a delay afiax;, W; (k) is enforced on each user.

N}g)tation The union of P setsA,,..., Ap is denoted  pqr oach yser, we define its probabilistic delay constraint
by U;_;A;. The number of elements in a sdtis denoted i, the form

by |A|. Pr(A) denotes the probability of occurrence of
eventA. Pr{ml?x Wi(k) > T;} < 6;. (2)

2. PRELIMINARIES On each subcarrier at the BS, a scheduler needs to de-
cide as to which user to allocate transmission on that fre-
We consider the downlink service in a single cell with ~ quency. This has to be done so that system capacity is in-
users occupying an OFDMA single antenna system as showgreased by exploiting channel variations while maintaining
in Fig. 1. The BS uses an OFDM system with subcarri- fairness in subcarrier allocation among users and meeting
ers to provide access to thé users. This is done through the QoS delay constraints expressed in (2).
frequency division multiple access (FDMA) by allocating a

portion of the subcarriers to each user. More precisely, let 3. SUBCARRIER ALLOCATION SCHEMES
Z; be the set containing the indices of the subcarriers al-

lotted to userj; U, 7; = {1,2,...,M}. Let N, be the We now describe different schemes for subcarrier assign-
number of subcarriers assigned to ugei.e. |Z;| = N;. ment to users. On each subcarrieand time instant, the

We assume that users are assigned non-overlapping sets gfacket scheduler has knowledge @f(k,n), C; 4 (k,n),
subcarriers, i.€Z;, j = 1, ..., K are disjoint sets. 0;, T;, andW; (k). Different priorities are assigned to users,

As discussed in the Introduction, adaptive power/bit load-with the priority functions reflecting the characteristics (-
ing is not treated in this paper; we consider equi-powered Ill) specified in the Introduction. Thus, consider for each
transmissions over each subcarrier. Normalizing the totaluseri, and subcarriek at time slotn, the following prior-
input power to unity, the power on each subcarrielr/is/. ity functions. These functions embody attributes (I-111) with

Let p;(k,n) denote the channel gain to noise ratio for varying degrees.



(A) Instantaneous capacity based priority: 4. SIMULATION RESULTS
fi(k) = Ci(k,n). ©) In this section, we evaluate the performance of the subcar-
rier allocation schemes with respect to (i) average through-
put, (i) QoS delay requirements, and (iii) fairness in num-
Ci(k,n) @) ber of subcarriers allocated to users.
Ciav(k,n)’ We consider an OFDM system with 64 usable subcar-
. . riers supporting 8 users in an isolated cell. To minimize
with C; q, (k, n) updated according to the rule signalling overhead, the subcarrier allocation is done by di-
(1= 1)Ciau(k,n) + LCi(k,n) viding the 64 subcarriers into four groups of 16 subcarri-

Ci.an(k,n+1) = { if use?i is chosen by subcarriér, ~ €rs each, under the following pattern: tite group con-

(1-— %)C’i,av(/ﬂ, n) else. tains the set of subcarriers with index get= {1 +¢,5 +
(5) i,9414,...,57+14,61+i},i=0,...,3. As channel model
L is a time window over which fairness is reflected. ~ for simulation evaluation, the exponential decay Rayleigh
fading channel proposed in [2] is used. For this statistical
model, we used a root-mean-square (RMS) delay spread,

(B) Proportional fair based priority:

fi(k) =

(C) Exponential delay based proportional fair priority:

Trams Of 30 ns. The channel is assumed static through-
Ci(k Wi(k) — Wao(k RMS .
filk) = {C(}:)} . [ai e {()()H out the packet and generated independently for each packet.
inav (K, ) I+ Wav(k()(s) The impulse response of the channel is composed of com-

plex samples with random uniformly distributed phase and
Rayleigh distributed magnitude with average power decay-
ing exponentially

whereq; = —% andW,, (k) is the average of the
delay,W;(k), values.

(D) Modified largest weighted delay first (M-LWDF) based

priority: hi ~ N(0,0%) + jN(0,07)
£(k) = as. Ci(k, n) Wilk). 7y Witho} = ofe"™/Tns andof chosen so thdf,, of = 1.
Ci av(k,n) It is assumed that the sampling tirfig in the simulation is
o shorter than a symbol time by at least a factor of four. The
(E) Delay based priority: number of samples that was taken in the impulse response
fi(k) = Wi(k). ®) (10Tras/Ts) ensures sufficient decay of the impulse re-

sponse tail. Moreover, the signals undergo an independent

The subcarrier allocation scheme then works as follows. Al- path lossP Ly, that includes large scale fading and shadow-
locate subcarrier numbér at time instant: to thei*-user ~ ing as expressed by the relation [9]
where

i = arglglfz( fz(k) (9) PL, = PL(do) + 10« loglo(dk/dg) + X,

The subcarrier allocation scheme based on priority cri- whered, is a reference distancéy, is the distance between
terion (A) exploits multiuser diversity by serving users that the transmitter and the receiver (u#9r « is the path loss
have the best channel conditions. Though this scheme enexponent andX,, is a zero-mean Gaussian variable in the
hances system capacity considerably, it fails to meet re-logarithmic scale responsible for shadowing with a stan-
quirements (lI-111). Similarly, subcarrier schemes based on dard deviatiornz. The actual rate is chosen to be the largest
priority functions (B) and (E) only have features (ll) and available rate such that SNR is satisfied for a certain target
(1) respectively. On the other hand, priority functions (C) BER. The rate distribution of the users are such that user 1
and (D) exhibit QoS-aware characteristics and tend to bal-has most of the time the worst channel conditions, whereas
ance features (I-111). In particular, the priority function (6) user 8 has the best channel conditions. The allocation de-
in (C) balances long-term fairness in terms of throughput cisions are made once every slot, and simulations were per-
(expressed by the first term) and QoS delay requirementsformed by averaging over 100,000 independent channel re-
(second term) with nominal degradation of system capacity. alizations. For the proportional fairness scheme the value
These observations are validated in the next section througlof the averaging window sizé is chosen equal to 1000
simulations. Further as shown in [1], [11] scheduling based [13]. The total transmit power is equally distributed to all
on priority functions (6) and (7) are attractive practically as subcarriers, and the service rates change in time randomly
well due to their throughput optimality, meaning that the for different users. All active users have infinite backlog.
gueues at the BS do not blow-up if at all stable queues areThe delay requirements are chosen as follows: users 1 and
feasible using any other algorithm. 3 have delay threshold 3 symbol duration with a violation
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probability of 0.01, and users 5 and 7 have delay thresh-ber of subcarriers under the proportional fairness scheme
old 5 symbol duration with the same probability of exceed- than under the exponential rule based scheme. This is a re-
ing it. The value of the probability is a reasonable value sult of the looser delay requirements of user 8 as compared
for Internet streaming audio [13]. Users 2 and 6 have delayto the other users due to which its priority gets lowered un-
threshold 10 symbol duration whereas users 4 and 8 have 12ler the exponential rule. The opposite behavior stands for
symbol duration, all four with dropping probability equals user 1 whose delay requirements are the tightest. In Fig-
to 0.05. We enforce this delay requirement on each subcar-ure 2 we see that the schemes (B) and (C) deliver capacity
rier in the allocation scheme; by doing so, the user delayto users with similar way. The only difference is that the
requirements are automatically met. proportional fairness allocation scheme provides larger por-

We compare the subcarrier allocation schemes (A-E) de-tion of the overall_capacity tha_m the exponential rule based
tailed in Section 3. In Figures 2 and 3 the performance of SCheme as seen in Figure 5, its performance however dete-
the five subcarrier allocation schemes with respect to thefiorating in terms of latency.
average capacity and the average number of allocated sub- Figure 4 shows the average delay in symbol duration for
carriers is shown. The best user-channel selection scheme isach user. Under scheme (A) the queues for users 1 to 6
not shown in these figures; it selects user 8 over most transblow up and hence this scheme is not shown in the figure.
mission slots as it has substantially higher SNRs. As suchUnder the proportional fairness scheme, the delay require-
the rest of users are not allocated too many subcarriers dugnents of user 1 are not met. Though this scheme meets the
to which their average capacity is close to zero. On the otherdelay requirements of the other seven users, we note that the
hand, the subcarrier allocation schemes (B)-(D) tend to al-performance of this scheme tends to get worse as the num-
locate a fair portion of subcarriers among all eight users, ber of users is increased and delay requirements are more
refraining low SNR users from starvation. As a result, the stringent. In comparison, the exponential delay based rule
capacity of users 1 to 7 is substantially higher under thesemeets delay requirements for all users. The subcarrier allo-
allocation schemes. In Figure 3, we see that under sub-cation scheme (E) allocates subcarriers depending only on
carrier allocation schemes (D) and (E), user 1 is allocatedthe latency of users on each slot, resulting in an excellent
high number of subcarriers as its delay requirements are thedelay performance but providing very low system capac-
tightest. These two schemes are particularly delay-sensitivejty. The subcarrier allocation scheme (D) results in delay
sacrificing a large portion of the capacity to users with very performance close to that of scheme (E) at the expense of
demanding delay requirements. The same phenomenon isow throughput performance. The exponential rule based
also present for users 2 and 3 but in smaller extent. Note alscsscheme satisfies the delay constraints with slight concession
from the same figure that user 8 receives more average numin the system sum rate. This observation is of significance
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