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Abstract— We propose a new subcarrier allocation algo-
rithm for Orthogonal Frequency Division Multiple Access
(OFDMA) that gives fair allocation of capacity to multiple
users with different channel and traffic characteristics. This
is achieved by utilizing buffer state information and mea-
sured traffic statistics in addition to channel state feedback.
Multiuser diversity gains are achieved in the proposed al-
gorithm by scheduling across both time (buffering) and fre-
quency (subcarriers). Simulation results are shown to illus-
trate (a) improved capacity allocation and throughput, and
(b) larger admissible traffic when compared to the existing
algorithms.
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I. INTRODUCTION

Joint subcarrier and power allocation in OFDMA is a
complex problem [1]. Usually, the problem is simplified by
separating subcarrier allocation and power allocation [2],
[3]. Subcarrier allocation provides more gain than power
allocation [3], [4]. In this paper, we focus on subcarrier al-
location. Maximum capacity is provided by the Max-Rate
subcarrier allocation algorithm (MR-SAA) which allocates
each subcarrier to the user with the best channel condi-
tions [5], [6]. However, it is not fair. The Rhee-Cioffi sub-
carrier allocation algorithm (RC-SAA) [2] achieves propor-
tional fairness amongst the users. However, the overall
capacity achieved is much lower. The capacity achieved
by these subcarrier allocation algorithms that are solely
based on channel conditions does not necessarily translate
into throughput when the input traffic is bursty. Further-
more, [7] shows that proportionally-fair scheduling can lead
to unstable queues even for low arrival rates since it does
not utilize the buffer state.

Buffering of bursty traffic can take advantage of mul-
tiuser diversity across time and improve throughput per-
formance by trading delay for throughput [8]. Recently,
subcarrier allocation in the presence of buffer and chan-
nel information has been studied in [10], [9]. In [9], the
number of subcarriers for each user is determined prior to
choosing the specific subcarrier allocation scheme. In [10],
improved delay performance is achieved by using the mean
waiting times in the sub-carrier allocation algorithm. The
Modified-Largest Weighted Delay First (M-LWDF) rule [8]
for time slot allocation in dynamic TDMA is a throughput
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optimal rule'. We propose a subcarrier allocation algo-
rithm (SAA) which extends the M-LWDF idea to schedule
users on each subcarrier of an OFDMA system during every
time slot. Results are shown to illustrate that the proposed
SAA: (a) allocates capacity fairly amongst the users, and
(b) supports traffic load very close to the maximum capac-
ity (achieved by the MR-SAA). The proposed SAA chooses
the user for each subcarrier based on a combination of the
following: (a) current channel conditions, (b) current buffer
state (delay), and (c¢) the measured ratio of arrival rate to
throughput for each user.

The paper is organised as follows. We describe the sys-
tem model in section II. We propose our subcarrier allo-
cation algorithm in section III. Simulation specifications,
results, and discussions follow in section IV. Conclusions
are drawn in section V.

II. SYSTEM MODEL

Fig. 1 shows the system model. A downlink OFDMA
system with N users and K carriers is considered. The
randomly arriving incoming packets are buffered in a first-
in-first-out (FIFO) queue with the buffer size for each user
determined by the absolute delay bound for the correspond-
ing user [11]. We transmit bits at the maximum rate for
reliable communication over the channel in any time slot,
the outage (number of bits dropped) is only due to buffer
overflow. if the buffer overflows. A single user is scheduled
on each sub-carrier. Therefore, the problem of subcarrier
allocation is essentially to choose an user for each subcar-
rier. We define the set of all carriers as A = {1,2,..., K}.
Let €, (t) be the set of carriers assigned to user n in symbol
period t. Since each OFDM carrier can be assigned only
to one user, we have for all ¢

() [ n(t) =¢ ¥m#n, and | J Qu(t) =A. (1)

The wireless multipath fading channel is assumed con-
stant over one OFDM symbol transmission and noise is
assumed to be i.i.d. and AWGN with variance o2 for all
carriers and all users. The received OFDM symbol Y, 1 (t)
can be written in terms of the frequency-domain channel

11t renders the queues at the base-station stable if any other rule
can do so [8].



gain H, ,(t), the noise at the receiver 7, ,(t) for user n
and the transmitted symbol X} (t) on carrier k in " sym-
bol period, as:

Yok (t) = Ho o) X0 () + ms(®),n € {1,2, ... N}, k € Qu(t).

The normalized channel gains seen by k‘" carrier of user
n in symbol period t is v, (t) = (|Hnx(t)|?/0?). We as-
sume that the transmitter has knowledge of the channels
of all the users. Since channel conditions are time-varying,
this information is assumed to be updated periodically with
the help of feedback channels.
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For power allocation, we use water-pouring [12]. The
power allocated to subcarrier k in time slot ¢ is given by

Pi(t) = (v(t) = (1/mn(t)", (2)
where ()" = max(z,0) and v(¢) is chosen to satisfy the
absolute power constraint 25:1 Py (t) = P. Therefore, the
maximum achievable rate for reliable communication in a
time-slot ¢ for a user n by any SAA is

pa(t) = D pnk(t), (3)

keQ, (1)
logy (1 + Yk (t) Pr(t)) (4)

is the maximum rate that can be reliably supported on the
carrier k for that user.

We denote the buffer length for user n by L,,. In each
OFDM symbol period ¢, one packet of random size arrives
per user. The number of bits in the packet for n** user is
an(t), distributed uniformly in [0, M,,].

A FIFO queue is implemented where Q,,(¢) shows the
buffer state of user n at time slot ¢ in terms of p, ;(t),
which denotes the enqueued bits of user n that arrived in
the (t —i)*" time slot. The absolute delay bound D, is the
maximum number of symbol periods a bit can be in the
queue, after which it is dropped. The buffer size is taken
as L, = M, D, to ensure the delay bound D,, for user n
[11]. The queue, in terms of p, ;(t) and D, is given by

Qu(t) = [pnp, () Pup,, () Pna(t)].(5)

Bits are transmitted with priority order from left to right.
The total number of bits in the queue ¢, (t) and the delay of
the Head-of-Line (HoL) packet W,,(¢) for user n in symbol
period t are given by

where iy, (1)

Dy,
() = an,i (t) (6)
W, (t) = max{j:pn;(t) # 0}, (7)
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The problem of resource allocation for a limited total
available power P is divided into subcarrier allocation, i.e.,
finding a set of carriers €, (t) assigned to user n and power
allocation, i.e., finding Py(t), k € A over the total set of
carriers A. The total throughput d,,(¢t) for any user n in
a time slot ¢ is the minimum of the achievable rate p,(t)
and the total number of packets in the buffer ¢, (t);

dn(t) = min(qn (t)a Hn (t>) (8)
III. SUBCARRIER ALLOCATION ALGORITHM

Subcarrier allocation is the assignment of a disjoint set
of carriers Q,(t) to each user n (for n = 1,2,...,N) in
time slot ¢. It can be seen from (8) that maximizing the
supportable rate p,(t) for a user n in any time slot ¢ does
not maximize the throughput d,(t). This underlines the
importance of using buffer state information Q,,(¢) in sub-
carrier allocation.

Ideas used in time-slot allocation in dynamic TDMA can
be extended to subcarrier allocation in OFDMA. In dy-
namic TDMA, buffers are used to achieve fairness over
time. In OFDMA, we have freedom of allowing multiple
users to share the channel simultaneously during each time
slot. Therefore, we can schedule both across time slots and
subcarriers (frequency).

Resource allocation algorithms in [2], [3] schedule users
across subcarriers to achieve fairness during every symbol
period. These algorithms do not schedule across time slots.
We incorporate buffers for a multiuser OFDMA system and
propose a subcarrier allocation algorithm that utilizes the
buffer and channel state information and measured traffic
statistics available at transmitter. We achieve higher mul-
tiuser diversity gain by scheduling both across time and
across the subcarriers.

The Modified-Largest Weighted Delay First (M-
LWDF) [8] rule for time slot allocation in dynamic TDMA
schedules the user with largest weighted delay, where the
weight is proportional to the supportable rate of a user n
on the channel in that time slot ¢. It is a throughput optimal
rule. so We propose a subcarrier allocation algorithm that
extends the M-LWDF idea for scheduling users on each
subcarrier in every time slot. We also use a weighted delay
measure for subcarrier allocation. However, the weight is
proportional to the normalized channel gain and not the
supportable rate used in the M-LWDF rule for time slot
allocation.

It has been shown in [3], [4] that power allocation does
not offer substantial gains at high SNRs. Therefore, if we
assume that every subcarrier gets equal power, then we
can consider the subcarriers as parallel channels. Since we
know MLWDF rule is throughput optimal for each indi-
vidual channel, we can select best user for each subcarrier
using a rule similar to it. Once the subcarriers have been
allocated we do water-pouring to maximize the capacity
region in every time-slot. Other power allocation meth-
ods given in [3] and [13] can also be combined with our
subcarrier allocation algorithm.

Let a,(t) and d,(t) denote mean windowed arrival and
mean windowed throughput respectively for user n, aver-



aged over a "sliding-window” T,,. Given the normalized
channel gains 7, (t), k' carrier of user n in symbol pe-
riod ¢, @,(t), d,(t) and buffer state @Q,(t), we determine
the subcarrier set €, (t) allocated to user n by the follow-
ing algorithm.

1. Initialize: Q,(t) =¢ ,n=1,2,...,N
2. For each subcarrier k =1 to K

(a) Select a user for subcarrier k:
ai(t)

j = arg max ﬁ(t)%,k(t)wi(t)

(b) Allocate subcarrier k to user j: Q;(t) = Q,;(t) U{k}.

i=1,2,...,N.  (9)

This algorithm equalizes between queue and channel con-
ditions when subcarriers are allocated to users. Instead
of allocating carriers solely based on channel conditions,
this algorithm also considers measured traffic statistics and
buffer state. If a user has a bad channel persistently and/or
if it is a high rate user (relatively more bits to transmit per
slot), it will be preferred over others with better channel
conditions but relatively less bits to send. Since the avail-
able capacity is allocated to the users who require it most,
the throughput and delay performance are very good (as
shown in the simulation results in Section IV).

IV. SIMULATION RESULTS AND DISCUSSIONS

A 9 user, 64 subcarrier OFDMA system is considered
for a 6-tap multipath fading channel with an exponentially
decaying multipath profile. The channel for each user is
assumed to be independent and identically distributed in
every OFDM symbol. We have simulated two important
cases, (a) users with i.i.d. channels, (channel variance being
identically 1 for all users) and (b) users with scaled channel
profiles, i.e. all the subcarriers are assumed to be fading
independently with variances for different users multiplied
with [.75.5.511.5.75 1 1] respectively. Simulation results
can also be obtained when the channels are correlated. The
9 users have linearly increasing rates in the ratio 1 : 2 : ... :
9 with an uniform arrival distribution. The total power
available at the base-station is fixed.

The capacity allocated to n'" user (imy_ o 74 (t)), is
the average maximum achievable rate over all the subcar-
riers for reliable communication under the given resource
allocation policy. Fig. 2 shows the capacity allocated to
each user by the following algorithms: MR-SAA, RC-SAA,
the SAA in [10] and the proposed SAA for case (a). The
required capacity for each user (equal to the average arrival
rate) is also plotted for reference. The total traffic load is
chosen to be 22.5 units (bits/OFDM symbol). Since the
users have i.i.d. channels, the MR-SAA allocates approx-
imately the same capacity to each user. The MR-SAA
achieves the maximum overall capacity (sum of the capac-
ity allocated to all users) of 26.2, but the capacity is not
allocated to the users who require it. The RC-SAA al-
gorithm can allocate capacity proportional to the arrival
rates. However, the total capacity achieved by the RC-
SAA (= 14) is not enough to support the required rate.
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The SAA proposed in [10] is simulated as (corresponding
to v =21in [10])

Qi(t) P
@) log, {1 + K%,k(t)H ; (10)

assuming equal power allocation initially to obtain the val-
ues of the achievable transmission rate in each subcarrier
for each user at time ¢.

Fig. 3 shows the capacity allocated to each user by
above-mentioned SAA’s for case (b). MR-SAA allocates
maximum capacity to the best channel users. Therefore,
even when the overall capacity is maximum, it is not al-
located according to the users’ requirements. RC-SAA
attempts to take arrivals into account, however achieves
much less overall capacity, since it doesn’t take into ac-
count buffer state. The proposed SAA and SAA in [10]
take buffer and channel state into account in addition to
arrivals and achieve higher diversity gains.

J = arg max l
1
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Fig. 3. Allocated capacity and the required capacity for heteroge-
neous rate users with scaled channel profiles (Case (b))

Fig. 4 plots the outage as a percentage of total arrived
bits for the maximum outage user as a function of the to-



tal traffic for case (a). It is evident that the proposed
SAA can support significantly higher traffic (= 25) than
the RC-SAA (& 15) while maintaining stable queues. In
fact, the proposed SAA can support traffic upto 91% of the
maximum achievable capacity of 26.2 without any outage,
i.e., dropped traffic. The MR-SAA can support traffic only
upto 26.2 = (5/9) = 14.55. SAA in [10] supports a total
traffic of 20 approximately. We can also infer for case (b),
the maximum traffic supported by different SAA’s with-
out any outage from Fig. 5. The proposed SAA supports
higher maximum traffic (= 22) compared to that achieved
by SAA in [10] (= 16).
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Fig. 5. Maximum outage among all users (in %) vs. Traffic for
heterogeneous rate users with scaled channel profiles (Case (b))

The proposed SAA uses the HolL packet delay instead of
the average queue delay used in [10] and provides a better
allocation of capacity. The Greedy Reassignment policy in
[10] is not used in the simulation. The Greedy Reassign-
ment policy can be used to improve our proposed SAA as
well as the SAA in [10]. In summary, the proposed SAA
is able to allocate capacity to the users based on their re-
quirements and keep the queues stable. Furthermore, the
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proposed SAA uses measured arrival rates and does not
need prior knowledge of the actual arrival rates.

V. CONCLUSION

Buffering bursty traffic can provide a good delay-
throughput trade-off and improve the overall throughput
of the system. Therefore, subcarrier allocation based on
queue and channel information can perform significantly
better than MR-SAA and RC-SAA which do not use queue
information. A good SAA should be close to the MR-
SAA in total (sum) capacity while being as fair as possible.
The proposed algorithm performs better than the existing
subcarrier allocation algorithms like [2], [10] in terms of
throughput improvement and fair capacity allocation. The
proposed SAA: (a) allocates capacity fairly amongst the
users, and (b) supports traffic load very close to the maxi-
mum capacity.

REFERENCES

[1]  C.Y. Wong, R. S. Cheng and K. B. Letaief and R. D. Murch,
”Multiuser OFDM with Adaptive Subcarrier, Bit, and Power
Allocation”, IEEE Journal on Selected Areas in Communica-
tions, Vol. 17, No. 10, pp. 1747-1758, October 1999.

[2]  W. Rhee and J. M. Cioffi, ”Increase in Capacity of Multiuser
OFDM System Using Dynamic Subchannel Allocation”, in Pro-
ceedings of the 515t IEEE Vehicular Technology Conference,
Tokyo, Vol. 2, pp. 1085 -1089, Spring 2000.

[3]  Z. Shen, J. G. Andrwes and B. L. Evans, ”Optimal Power Al-
location in Multiuser OFDM Systems”, in Proceedings of the
IEEE Global Communications Conference, San Francisco, Vol.
1, pp. 337-341, December 2003.

[4]  T-L. Tung and K. Yao, ”Channel Estimation and Optimal
Power Allocation for a Multiple-Antenna OFDM System”,
EURASIP Journal on Applied Signal Processing, Vol. 2002,
No. 3, pp. 330-339, March 2002.

[5]  R. Knopp and P. Humblet, ”Information Capacity and Power
Control in Single Cell Multiuser Communications”, in Proceed-
ings of the IEEE International Conference on Communica-
tions, Seattle, Vol. 1, pp. 331-335, June 1995.

[6] M. Ergen, S. Coleri, and P. Varaiya, ”QoS Aware Adaptive Re-
source Allocation Techniques for Fair Scheduling in OFDMA
Based Broadband Wireless Access Systems”, IEEE Transac-
tions on Broadcasting, Vol. 49, No. 4, pp. 362-370, December
2003.

[71 M. Andrews, "Instability of the Proportional Fair Scheduling
Algorithm for HDR”, IEEE Transactions on Wireless Commu-
nications, Vol. 3, Issue: 5, pp. 1422-1426, September 2004.

[8] M. Andrews, A. Stolyar, K. Kumaran, R. Vijayakumar, K. Ra-
manan, and P. Whiting, ”Providing Quality of Service over a
Shared Wireless Link”, IEEE Communications Magazine, Vol.
39, No. 2, pp. 150-154, February 2001.

[9] G. Li and H. Liu, "Dynamic Resource Allocation with Finite

Buffer Constraints in Broadband OFDMA Networks”, in Pro-

ceedings of the IEEE Wireless Communications and Network-

ing Conference, New Orleans, Vol. 2, pp. 1037-1042, March

2003.

G. Song, Y. (G). Li, L. J. Cimini, Jr., and H. Zheng, ” Joint

Channel-Aware and Queue-Aware Data Scheduling in Multi-

ple Shared Wireless Channels”, in Proceedings of the IEEE

WCNC, pp. 1934-1944, March 2004

D. Rajan, A. Sabharwal, and B. Aazhang, ”Delay-Bounded

Packet Scheduling of Bursty Traffic over Wireless Channels”,

IEEFE Transactions on Information Theory, Vol. 50, No. 1, pp.

125-144, January 2004.

T. M. Cover and J. A. Thomas, Elements of Information The-

ory, John Wiley & Sons, New York, 1991.

B. S. Krongold, K. Ramchandran and D. L. Jones, ”Compu-

tationally Efficient Optimal Power Allocation Algorithms for

Multicarrier Communication Systems”, IEEE Transactions on

Communications, Vol. 48, No. 1, pp. 23-27, January 2000.

(10]

(11]

(12]

(13]



