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Abstract- In this paper, we investigate slot allocation for
diverse Quality of Service (QoS) types in Orthogonal Frequency
Division Multiple Access (OFDMA) based IEEE 802.16e Wire-
lessMAN systems. For a downlink scenario, we propose flow
metrics that dynamically capture the extent to which flows of
diverse QoS types merit bandwidth allocation. Using these flow
metrics, we propose a scheduling rule for a mixture of real-
time, non real-time and best effort traffic. Our system model
uses queues implemented as finite length buffers for each of the
downlink flows. Simulation results are presented to compare the
performance of the proposed rule with that of existing rules.

Index Terms- Slot allocation, MLWDF, OFDMA, IEEE
802.16e WirelessMAN, WiMAX, QoS, cross-layer optimization.
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I. INTRODUCTION

Orthogonal Frequency Division Multiple Access (OFDMA)
is one of the physical layer transmission techniques in the
IEEE 802.16e WirelessMAN standard [1], [2]. The IEEE
802.16e WirelessMAN standard specifies the mechanism for
broadband wireless access (BWA) for fixed and mobile sub-
scribers at vehicular speeds of up to 100 km/hr.
The standard aims to provide voice and packet data services

to users while meeting the latency and throughput require-
ments of flows. Traffic can be broadly classified into real-time
(RT), non real-time (NRT) and best effort (BE) flows at the
time of service flow connection setup. Associated with each
of the flows is a set of Quality of Service (QoS) parameters:
for RT flows, the parameters are a latency requirement and a
throughput requirement while for NRT flows, the parameter
is a throughput requirement. BE flows have a throughput
requirement but are given least priority and are handled on
a space availability basis.

Cross-layer optimization techniques have been investigated
recently for providing QoS over wireless links [3], [4]. Utility
functions based on the mean packet waiting times of RT flows
have been proposed in [4] to optimize Medium Access Control
(MAC) layer - Physical (PHY) layer cross-layer performance.
In [3], the design and implementation of a simulator based
on a cross-layer protocol between MAC and PHY layers
in a OFDMA based IEEE 802.16e WirelessMAN system
is considered. In this paper, for a downlink scenario, we

extend the work in [3], [5] to propose, a) A set of metrics
specific to RT, NRT and BE flows to measure the extent to
which a downlink flow merits OFDMA slot allocation'. b)
A scheduling rule based on flow metrics to allocate OFDMA
slots to RT, NRT and BE flows in accordance with the flow
QoS requirements.

Throughput optimal2 schemes for a mixture of RT, NRT
and BE traffic have been proposed for time slot allocation in
Code Division Multiple Access - High Data Rate (CDMA-
HDR) systems [5] [6]. The Modified Largest Weighted Delay
First (MLWDF) rule [5], originally proposed for CDMA-
HDR systems, can be used in OFDMA based IEEE 802.16e
WirelessMAN systems to perform slot allocation. Token based
queues are assumed for NRT and BE flows where tokens arrive
at a constant rate as dictated by the throughput requirements
for NRT and BE flows. The MLWDF rule works well for
a mixture of RT, NRT and BE flows when infinitely back-
logged queues are assumed for NRT and BE flows. Under
such an assumption, all bandwidth assigned to an NRT or
BE flow will result in throughput for the flow. However, the
infinite data assumption will not hold for practical wireless
systems where the traffic arrival is bursty and finite buffers are
employed. This is because, when token queues are employed,
it is possible that an NRT or BE flow is assigned bandwidth
even when the flow has no data in its actual queues. In this
paper, we overcome this problem by allowing an NRT or BE
flow to contend for bandwidth i.e, OFDMA slots, only when
its queue is non-empty. This helps minimize the wastage of
bandwidth and increases throughput when compared to the
MLWDF rule. In addition, the short term traffic arrival and
throughput statistics are maintained [7] for each of the flows
to overcome the burstiness in traffic.

In this paper, we define a flow metric that dynamically mea-
sures the extent to which a flow merits bandwidth allocation.

'A slot as defined in the IEEE 802.16e WirelessMAN OFDMA PHY is the
least possible unit of bandwidth allocation and is a two-dimensional allocation
spanning subchannels in the frequency domain and OFDMA symbol durations
in the time domain. The definition of a slot is dependent on the subcarrier
permutation and varies depending on whether the mode of operation is the
distributed subcarrier permutation or the adjacent subcarrier permutation.
2A scheme is said to be throughput optimal in the sense that it makes

queues stable if at all it is feasible to do so with any other rule.
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Furthermore, we propose a scheduling rule for a mixture of
RT, NRT and BE traffic. When all of the bandwidth needs of
RT and NRT traffic are met i.e, RT and NRT flows have empty
queues and OFDMA slots remain, BE flows are serviced to
make use of the remaining bandwidth.

The organization of the remainder of this paper is as follows.
In Section II, we introduce the system model. In Section
III, we briefly discuss the MLWDF scheduling rule. The
flow metric definition for RT, NRT and BE traffic and the
scheduling rule for a mixture of RT, NRT and BE flows are
discussed in Section IV. Simulation results are presented in
Section V. Conclusions are drawn in Section VI.

II. SYSTEM MODEL

We assume the Time Division Duplex (TDD) mode of
operation at the base station (BS) with the BS alternating
between transmission on the downlink and reception on the
uplink. We assume that the BS has knowledge of the channels
of all users in the system. Since channel conditions vary over
a period of time, the channel state information from each of
the users is updated once per frame by means of channel-
to-interference-plus-noise ratio (CINR) reports on the uplink
feedback channels. Using these CINR reports, the modulation-
coding scheme (MCS) levels are chosen based on CINR
threshold values for a specific target bit error rate (BER). In
this paper, we assume that the wireless channel for a user is
constant over an entire downlink OFDMA sub-frame.

Let M be the number of users in the system, K be the
number of slots available for allocation during the downlink
OFDMA sub-frame and M = {1, 2, 3, ..., M} be the user
index set. fl,m, f2,m and f3,m are RT, NRT and BE flows
where indices 1, 2, and 3 correspond to RT, NRT and BE flows
destined to user m respectively. For the sake of simplicity,
we impose a condition that a user can have no more than
one active flow of each type i.e, RT, NRT and BE. .Fm C
{flM : f2,12 f3, mn} is the set of all active flows destined to
user m. ¶ =F U ¶2 U ... U TM is the set of all downlink
flows.
The model and form of delay QoS for RT flows used in this

paper is as given below:

P(Wi,m >- Ti,m) = O (1)

where Wl,m is the delay of a typical packet for user m's RT
flow, Tl,m is the corresponding latency requirement for the
flow. If the latency requirement for the RT flow is violated by
a packet, the packet is dropped. For RT, NRT and BE flows,
throughput requirements are of the form,

Di,m - Ai,mVi C {1, 2, 3} (2)
where Di,m is the long-term throughput for user m's flow i
and Ai,m is the corresponding arrival rate for the flow.

Queues implemented as finite length buffers are maintained
in the BS for each of the downlink flows and are updated each
time a flow is assigned a slot. The queues operate on a first-
in first-out (FIFO) basis i.e, if a flow is assigned bandwidth,
packets are pulled from the head of the queue for transmission.
Also, if a queue becomes full, the packet at the head of the
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queue is dropped. Packets are admitted into a queue at the
beginning of every frame. We assume that a packet is already
delayed by one frame duration when it is admitted into a flow's
queue. Let ai,m(t)Vi e {1, 2, 3} be the number of bits in a
packet that arrived during frame t -1 for user m's flow i. The
number of bits in the queue corresponding to user m's flow i
during frame t is given by,

Qi,m(t) = Qi,m(t- 1) + ai,m(t) (3)

Before slot allocation begins during a frame, the throughput
for user m's flow i during frame t is initialized as,

di,m(t) =0 (4)
When OFDMA slot allocation is in progress during a frame,

if user m's flow i is allocated an OFDMA slot, di,m(t) and
Qi,m(t) are updated sequentially and in order as given below.

di,m (t) di,m (t) + min(Qi,m (t), Tm (t)) (5)

Qi,m(t) { Qm()0 otherwise (6)

where Iim(t) (bits/OFDMA slot) is the maximum number of
bits that can be transmitted on an OFDMA slot during frame
t as determined by user m's MCS level chosen based on the
CINR feedback report.

For RT flows, delay QoS is implemented as given in (1).
We define the head-of-line (HOL) packet delay for user m's
RT flow as,

1+ arg max ri m(t
Wi ,m (t) j 0 O<d<TI,m-11

-d) Ql,m(t) &0

otherwise

where rlm(t -d) is the number of bits remaining in user rn's
RT flow from a packet arrival during frame t- d-1 such that
r1,m(t -d) < al,m(t -d)Vm C M,0 < d < Tl,m -1 and,
Tl,m (in frame durations) is the latency requirement for user
m's RT flow.

Short-term traffic arrival and throughput statistics are main-
tained by measuring traffic arrival and departure over a sliding
window for each of the downlink flows. The traffic arrival rate
(bits/frame) and throughput (bits/frame) for user m's flow i
during frame t is defined as,

D-1

Ai,m (t) =Z ai,m (t
d=O
D

Di,m(t) = di,m(t
d=l

d)

d)

where D is the sliding window length (in frame durations).

III. THE MLWDF RULE

The MLWDF rule [5] for OFDMA slot allocation during
frame t for RT flows is,

rn = arg max Pm (t) Wi,m (t) (10)
IJmTi,m

where 11m is the mean number of bits that can be transmitted
on an OFDMA slot during a frame for user m. The rule
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assigns an OFDMA slot to the flow with the largest MLWDF
parameter taking into account the user MCS level and flow
HOL delays. When the ratio of the HOL packet delay to the
latency constraint is nearly the same for all flows, the rule
favours the flow whose user has the best channel condition
relative to the mean channel condition. However, when a flow's
HOL packet delay approaches the flow's latency constraint, the
term WI< t(t) approaches 1, resulting in higher priority to the
flow thereby over-riding channel conditions.
The MLWDF rule can be modified to meet the QoS re-

quirements of RT flows and throughput requirements of NRT
and BE flows. This is done by assuming token queues for NRT
and BE flows where tokens are assumed to arrive at a constant
rate Aj,mVi C {2, 3}, the arrival rate for user m's NRT or BE
flow. During each frame, the token queues are incremented
by Ai,mnAtVi C {2, 3} where At is the frame duration. Let
Q' ,T(t)VC {2, 3} be the number of tokens in user rn's NRT
or BE flow. The HOL token waiting time for user m's NRT
or BE flow is,

Q',m (t)Wi,m(t) A VTnm cM, i {2, 3} (11)A,m
The MLWDF rule to meet the throughput requirements of

NRT flows and QoS requirements of RT flows is given by,

im* = arg max im(t)Wi,m(t) (12)
ief{ 1,2},mA4< ImTi,m

If user m's NRT flow is assigned a slot, the number of
tokens in the token queue is reduced by an amount P9m(t). If
the flow's actual queue Q2,,n(t) is empty, any bandwidth that
is assigned to user m's NRT flow will go waste. After all RT
and NRT flows are serviced to the point where RT flows have
empty queues and NRT flows have empty token queues, any
remaining bandwidth during a frame can be used to allocate
slots to BE flows. The MLWDF rule to meet the throughput
requirements of BE flows is,

* U~~~M(t)W3 mn (t)
mr arg max _'IL (13)mCM ImT3,m

IV. PROPOSED SOLUTION

In this section, we propose a scheduling rule that will meet
the QoS requirements of the form (1) and (2) for RT flows
and throughput requirements of the form (2) for NRT and BE
flows.

For this purpose, we propose a set of flow metrics for
RT, NRT and BE flows. These metrics capture the extent to
which a flow merits allocation of OFDMA slots and is updated
dynamically after the allocation of an OFDMA slot to the flow.
The flow metric definition for RT flows is,

FM, ilm(t) Ai,mT(t) Ti,m (14)
FMl,m = Tn D,,T (t) (T, mn - Wlnm(t))

The flow metric definition for NRT and BE flows is,

FMi,m Iim (t) Ai,m(t)V, c {2,3} (15)I- Di,mn(t)
With this flow metric definition for individual flows, it is

possible to define a scheduling rule that will allocate OFDMA

slots to RT and NRT flows during a frame. The scheduling rule
for OFDMA slot allocation to RT and NRT flows during frame
t is,

i*,n = arg max FMi,m (16)
iE{1,2},mCM

If after satisfying the bandwidth needs of RT and NRT
flows i.e, all RT and NRT flows have empty queues, OFDMA
slots remain, the remaining slots can be used to satisfy the
throughput requirements of BE flows as given by the following
scheduling rule.

rm arg max FM3,, (17)
mCM

As mentioned earlier, the flow metric definition for flows
takes into consideration the short-term arrival and throughput
statistics in addition to individual users' channel conditions.
Given the bursty nature of arrival of packets and the finite
buffer constraint, any short-term increase or decrease in the
arrival of packets is taken into consideration by the proposed
scheduling rule in making scheduling decisions. If the packet
arrival for a flow increases in the short-term, the term Ai,, (t)Di",(t)
increases, giving the flow a better chance of bandwidth alloca-
tion. This ensures that flows whose queues are close to getting
full are given greater priority when compared to flows with
relatively empty queues. Furthermore, to handle QoS require-

Ti,ments of the form (1), an additional term, (T1- (W)) is
introduced for RT flows. When the HOL packet of an RT flow
approaches its deadline as given by the latency constraint, the
term (T1 - blows out to give higher priority to such
RT flows.

V. NUMERICAL RESULTS

Simulation results are shown for 512 subcarrier 5 MHz
bandwidth OFDMA based IEEE 802.16e WirelessMAN sys-
tem. We assume a 5 millisecond frame where the downlink
sub-frame is assumed to be of duration 3.2 millisecond and
each OFDMA symbol is of duration 0.1 millisecond. We
assume the distributed subcarrier permutation for subchan-
nelization of subcarriers. A total of 240 OFDMA slots are
available for allocation out of which 40 slots are set aside to
account for MAC overheads such as MAP messages, protocol
data unit (PDU) MAC headers and losses due to gaps in tiling
downlink bursts etc i.e, during each downlink sub-frame, only
200 slots are allocated to flows. We assume a system operating
at 2.5 GHz with M = 30 users traveling at vehicular speeds
in the range 2 -100 km/hr. Users are grouped into 5 groups
of 6 users each. All users in a group are assumed to have the
same path-loss. Relative to users in group 1, users in groups
2, 3, 4, and 5 have an additional path-loss of 2, 4, 6, and 8
dB respectively. FIFO buffers for each flow are designed to
hold up to 100 packets. The following table shows the CINR
feedback threshold and the corresponding MCS level used in
this paper.
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For RT flows, periodic arrival of variable size packets is as-

sumed in the traffic model. For NRT and BE flows, we assume

a Bernoulli arrival model in which uniform size packets arrive
during a frame with probability Ai,m V'i C {2, 3}, m C M. In
the subsections to follow, we compare the performance of the
proposed scheduling rule with that of the MLWDF rule.

Mean CINR [dB]

Fig. 2. M = 30 users with one NRT flow each

A. Case 1: M = 30 users with one RTflow each

2 5.9-

,,

0 5.8-

Overall Arrival Rate 6.07 Mbps
5.7

M =30; One RT flow per user

5.6

5.5
30 31 32 33 34 35 36 37 38

Mean CINR [dB]

Fig. 1. M = 30 users with one RT flow each

In this section, an RT flow with arrival rate Al,m
200 kbps Vm C M is assumed for each one of the M = 30
users. The packet inter-arrival time is assumed to be 7 frames
for each of the flows. The latency requirement for each of the
flows is assumed to be Tl,m = 5 frames V m C M. Under
these assumptions, any packet drop for these flows will occur

because of a failure to meet the latency requirement in (1) and
not because of the finite buffer constraint. The arrival model
assumed here is consistent with the traffic model for high bit
rate streaming video applications.

Figure 1 shows the sum throughput of all the flows for
increasing CINR values. It is evident that the performance of
the proposed rule is comparable with that of the MLWDF rule
in that requirements (1) and (2) for RT flows are met at the
same CINR= 38 dB.

B. Case 2: M = 30 users with one NRTflow each

An NRT flow with arrival rate A2,m = 200 kbps Vm C M
is assumed for each one of the M = 30 users. A packet arrival
probability of A2,m = 0.1 Vm C M is assumed for each of
the flows during a frame. The data rate requirement assumed
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here is consistent with the requirements for a file transfer of
size 1.5 MB in one minute.

Figure 2, shows the sum throughput of all the flows for
increasing CINR values. The proposed scheduling rule is able
to meet the throughput requirements of NRT flows at a CINR
value of 26 dB while the MLWDF rule is unable to do so

even at 36 dB. It is obvious that a gain of over 10 dB over

the MLWDF rule can be achieved using the proposed rule for
NRT flows.

C. Case 3: M = 30 users with one RT, one NRT, and one BE
flow each

In this section, we consider a system with M = 30 users

with one RT, one NRT and one BE flow for each user. The
arrival model for RT flows assumes an arrival rate of Al,m =
30 kbps Vm C M with a packet arriving once in every 6
frames and a latency constraint of Tl,m = 5 framesVTm C M.
For NRT flows, an arrival rate A2,m = 130 kbps Vm C M is
assumed with a packet arrival probability of A2,m = 0.1 Vm C
M. For BE flows, an arrival rate A3,m = 70 kbps Vm C M is
assumed with a packet arrival probability of A3,m = 0.1 Vm C
M. The arrival model for RT flows is consistent with the
traffic model for low bit rate voice call applications. The traffic
model for NRT flows is consistent with the requirements for
a file download application of size - 0.5 -1 MB in one

minute while the model for BE flows is consistent with user

requirements for World Wide Web surfing.
Figure 3(a) shows the sum throughput of RT and NRT flows,

Figure 3(b) shows the sum throughput of BE flows and Figure
3(c) shows the overall throughput for increasing CINR values.
It can be seen that the proposed scheduling rule works well
for a mixture of RT and NRT traffic in that is able to meet the
requirement (1) and (2) for RT flows and the requirement (2)
for NRT flows at a CINR of 20 dB while the MLWDF rule
is able to do so only at a CINR value of 26 dB. Furthermore,
the proposed scheduling rule allocates bandwidth to BE flows
only after the requirements of RT and NRT flows are met.

Feb. 12-14, 2007 ICACT2007

CINR feedback threshold (dB) MCS level
36.0 5/6 64-QAM
32.0 3/4 64-QAM
28.0 2/3 64-QAM
24.0 1/2 64-QAM
20.0 1/2 16-QAM
16.0 3/4 QPSK
12.0 1/2 QPSK
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takes into account the burstiness in traffic by maintaining the
short-term arrival and throughput statistics, good performance
and larger gains over the MLWDF rule can be expected.
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Fig. 3. M = 30 users with one RT, one NRT, and one BE flow each. (a)
Throughput vs. CINR - RT and NRT flows (b) Throughput vs. CINR - BE
flows (c) Overall throughput vs. CINR

VI. CONCLUSIONS

In this paper, we proposed a set of flow metrics to capture
the extent to which an RT, NRT or BE flow merits OFDMA
slot allocation. Using these metrics, we proposed a scheduling
rule for OFDMA slot allocation to these flows. Through simu-
lations, we have been able to show that the performance of the
proposed scheduling rule is comparable to the performance of
the MLWDF rule for purely RT traffic. For a mixture of RT,
NRT and BE traffic, the proposed rule can achieve a gain of
atleast 5 dB over the MLWDF rule. Furthermore, we assumed
a simple Bernoulli arrival model for NRT and BE flows.
However, in practice, traffic arrival for these flows could be
highly bursty in nature. Since the proposed metric computation
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