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Abstract— Orthogonal Frequency Division Multiple Access
(OFDMA) provides possibilities to exploit diversity of a frequency
selective fading channel by appropriate resource scheduling
strategies. This paper presents the performance comparison of
different strategies with fair allocation of transmission capacity in
a typical multiuser scenario. The analyzed performance metrics
comprise both throughput and delay, which are required for
a comprehensive analysis regarding Quality of Service (QoS).
The evaluation has been conducted by means of stochastic
event-driven simulations of a WiMAX based OFDMA system.
Therefore, the developed simulation tool provides a detailed
implementation of both medium access control (MAC) and
physical layer (PHY). The presented results clarify the significant
impact of different scheduling strategies on the tradeoff between
throughput and delay.

I. INTRODUCTION

OFDMA is considered to be one of the key technologies in
future broadband radio systems. The transmission technique
is known to show very good performance especially in the
presence of frequency selective multipath channels. In com-
bination with adaptive modulation, the OFDMA technique is
capable of providing high spectral efficiency [1]. The most
prominent standard currently using OFDMA is IEEE 802.16
[2], better known as WiMAX [3]. OFDMA is also proposed
for the 3GPP Long-Term Evolution (LTE) [4].

In an OFDMA system, the frequency channel is divided
into orthogonal subcarriers which are grouped to subchannels.
A subchannel can either consist of distributed or adjacent
subcarriers in the frequency channel [5]. Accordingly, the
corresponding subchannels are denoted as distributed and
adjacent. Distributed subchannels results in diversity within a
single subchannel. With channel coding, transmission errors
on subcarriers with severe fading can be compensated by
subcarriers with high quality regarding fading level [6]. When
the distribution of the subcarriers in the frequency domain
is done pseudo-randomly without correlation in multi-cellular
environments, the this effect also applies for interference [7].
Hence, there is an averaging concerning both fading and
interference which has the effect that from MAC point of view
all OFDMA subchannels have the same quality.

In the case of adjacent subchannels the fading levels of
subcarriers within a subchannel have a very strong correlation.
Therefore, bad subcarriers in terms of fading and interference
cannot be compensated by other subcarriers within the same

subchannel. Compared to the distributed subchannel approach,
the adjacent subchannels show a larger SINR variance [8]. In
a multiuser scenario, the adjacent subchannels can be assigned
to different users in such a manner that each user transmits
data only on resources with good channel conditions from its
point of view. This exploitation of multiuser diversity due to
frequency adaptive scheduling can significantly increase the
system capacity. The objective of such a dynamic resource
scheduling scheme in an OFDMA system is to find the
optimum mapping of data connections to resources, which
are defined by subchannel and timeslot. In combination with
adaptive power allocation and different QoS requirements of
data connections this results in a multi-dimensional optimiza-
tion problem. The number of possible allocation strategies
which can be found in literature is enormous, ranging from
capacity maximization [9] to utility-function based scheduling
schemes [10]. The complexity of allocation algorithms can not
be neglected in a real system due to short scheduling intervals.
The allocation patterns have to be calculated generally within
milliseconds. Hence, a rather basic algorithm for the resource
scheduling is used in this work.

For a detailed evaluation of QoS support, both throughput
and delay of packet transmissions are analyzed in this paper.
The presented work is an extension of the results presented
in [8] and [11]. Different allocation strategies are compared
concerning throughput and delay distribution. The investigated
approaches range from maximum adaptation to channel con-
ditions to adaptation to the state of transmission queues (i.e.
waiting time of packets). This will result in a tradeoff between
capacity and delay. The performance evaluation has been
conducted by means of stochastic event-driven simulations of
a single cell scenario. In addition to the distance between
base station (BS) and mobile terminals (MTs), the traffic
characteristic has been varied to determine the impact of
traffic fluctuations on the performance of different frequency
adaptive scheduling strategies. The results of simulations with
distributed OFDMA subchannels are given as a reference. All
performance evaluation have been done for the downlink.

The paper is organized as follows: Section II describes the
dynamic allocation of radio resources in an OFDMA system.
Section III contains a description of the simulated system. The
simulation results are presented and discussed in Section IV.
Finally, the paper ends with a conclusion.



II. DYNAMIC OFDMA RESOURCE ALLOCATION

With dynamic resource allocation, a set of resources has
to be mapped to a set of transmission queues. Each of these
queues, which represent data connections, has specific QoS
requirements, such as throughput and delay. With the resource
scheduler used in this paper, the elements of the set of available
resources are assigned to connections in a successive manner.
In each step, one of the connections with data packets in the
transmission queue is selected based on a given strategy. Based
on a preceding SINR estimation, a resource is assigned to
this connection. After that, the resource is removed from the
set of available resources and the packets which fit into that
resource are removed from the according transmission queue.
This process continues until either no data packets are left in
any transmission queue or no more resources are available.

The number of packets per resource depends on the used
modulation and coding scheme (PHY mode). In contrast to
adaptive power allocation schemes such as water-filling, the
transmission power on a resource is fixed. Hence, the dynamic
adaptation to channel conditions is done via adaptive PHY
mode selection. With a given SINR estimation, the mode
selection depends on QoS requirements of the connection and
compensation of possible estimation inaccuracy. In general,
there is a tradeoff between throughput and delay. The use of
high rate modulation schemes can significantly increase the
delay due to an increased probability of packet errors and
resulting retransmissions.

Regarding fairness it has to be distinguished between fair
assignment of resources and fair assignment of transmission
capacity. There can be a considerable difference when the
positions of terminals, and due to that the mean SINR, differs
much. In this paper, capacity fairness and resource fairness are
the same, because all connection experience the same mean
SINR in the simulated scenarios. Hence, when the connection
also have the same traffic characteristics, the mean number of
assigned resources per connection is the same for all strategies.
Following strategies are used for the selection of a connection
in this paper:

• Max Waiting Time: The connection with the largest
waiting time of the first packet in the transmission queue
is selected.

• Round Robin: A connection is selected in classical Round
Robin manner [12].

• Max SINR Gain: Unlike the other two schemes, this
strategy finds the optimum resource-connection pair. Each
resource is assigned to the connection with the highest
SINR gain compared the mean SINR. Hence, the schedul-
ing decision does not depend on the terminal position.
Otherwise terminals with a high mean SINR would be
preferred.

The Max SINR Gain strategy is used to maximize the system
capacity. Compared to the other scheduling schemes, this one
provides the most efficient exploitation of resources. On the
other hand, the delay will experience an increased variance
depending on channel conditions and traffic characteristics.

With K resources and N connections with packets waiting for
transmission, in mean K/N resource are assigned to each con-
nection since each connection has the same probability to have
the largest SINR gain on a resource. Round Robin warrants
the same mean number of resource per connection because
due to the nature of the selection scheme each connection is
always allowed to take a resource each N th allocation. Both
Max SINR Gain and Round Robin provide resource allocation
fairness independent of the traffic characteristic. In contrast
to them, the Max Waiting Time strategy provides maximum
fairness regarding the delay. No connection is preferred due
to channel conditions. This strategy minimizes the mean delay
of all connections.

III. SYSTEM DESCRIPTION

A. Physical Layer

The OFDMA parameters of the investigated system cor-
respond to WiMAX. The system operates at 5 GHz with
20 MHz channel bandwidth. The channel is divided into 2048
orthogonal subcarriers, which are grouped into 32 subchannels
each consisting of 48 data subcarriers. This results in overall
1536 data subcarriers. The remaining subcarriers are used as
pilots and guard subcarriers. As described in the Section I,
the subcarriers of a subchannel are either distributed or adja-
cent in the frequency channel. The OFDMA symbol length,
including the guard time, is 100.8 µs. QPSK 3/4, 16QAM 3/4 and
64QAM 3/4 are the used PHY modes.

TABLE I
PHY MODES AND SINR BOUNDS

PHY mode SINR Resource Capacity
QPSK 3/4 > 10.00 dB 1 packet

16QAM 3/4 > 16.75 dB 2 packets
64QAM 3/4 > 22.75 dB 3 packets

The SINR bounds which are used for the mode selection
in the resource scheduler are given in Table I. These SINR
levels correspond to a maximum packet error rate of 0.1 %.
When the estimated SINR is below 10 dB on a resource it is
not used for data transmissions.

B. Medium Access Control
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Fig. 1. MAC frame structure

The frequency channel is subdivided into a periodic MAC
frame structure shown in Fig. 1. Such a structure is incor-
porated in all centrally controlled OFDMA systems such as



WiMAX and 3GPP LTE. Frame structure parameters and
resource patterns of these systems can differ significantly
depending on the application scenario. The dynamic resource
allocation for both up- and downlink is conducted in a cen-
trally controlled manner by the BS as explained in Section II.
This allocation is done periodically at the beginning of each
MAC frame. Concerning the SINR estimation, it is assumed
that the measurements are conducted by the MTs during the
broadcast transmission phase. The results are reported to the
BS in the next uplink phase, so they are 1 ms old. The duration
of downlink and uplink phases within a MAC frame is in
general flexible to be able to be adapted to traffic variations.
In this paper, a fixed switching point is assumed. One OFDMA
symbol is reserved for the broadcast, and two symbols are used
for downlink transmissions. This is only a small fraction of
the frame, but the results presented in this paper scale with
the amount of resources in the time domain. The overall set
of available resources contains 32 elements, each consisting
of two OFDMA symbols on a single subchannel. The MAC
Protocol Data Units (MPDUs) have a fixed size of 18 bytes.
This results in a resource capacity of 1 MPDU with QPSK 3/4,
2 MPDUs with 16QAM 3/4 and 3 MPDUs with 64QAM 3/4.

IV. PERFORMANCE EVALUATION

A. Simulation Tool

An OFDMA extension for the NS-2 simulation environ-
ment [13] has been developed within the scope of research
activities presented in this paper. This comprises a detailed
PHY model with the superposition of a single slope pathloss
model and time-correlated frequency-selective fading based on
Jakes’ model [14]. Furthermore, interference is considered in
multi-cellular environments. The MAC is based on a flexible
centrally controlled scheme like WiMAX as described in Sec-
tion III. Selective Repeat ARQ is used to handle transmission
errors. The packet error rate depending on SINR has been
calculated using an AWGN model [15]. A fixed channel
coding gain of 2 dB is assumed.

B. Simulation Scenario

The simulation scenario consists of a single base station
and 32 associated terminals with the same traffic load. All
terminals have fixed positions and have the same distance
from the base station. Therefore, all downlink connections
experience the same mean SNR and the performance of the
scheduling strategies is only determined by the multipath
fading. The pathloss exponent is 2.5, which corresponds to
a typical urban scenario [16]. The transmission power per
OFDMA subchannel is 15 dBm, thus the overall transmission
power is 30 dBm when all 32 subchannels are used in parallel.
The noise level per subchannel is -100 dBm. Simulations have
been conducted with 100 m and 150 m distance between BS
and MTs. The Doppler shift is 50 Hz which would correspond
to a speed of 10.8 km/h. In combination with the short MAC
frame length of 1 ms this provides a very accurate SINR
estimation, which has already been shown in [8]. The handling
of uncertainty in the SINR estimation is not within the scope

of this work, also interference is not considered. However, the
term SINR is used instead of SNR in the following discussion.

C. Simulation Results

1) SINR and PHY mode usage: The cumulative distribution
function (CDF) of estimated SINR in case of full resource
utilization is given in Fig. 2. The real SINR during data re-
ception is not shown because the differences are marginal due
to the relative small Doppler shift. The mean SINR without
subchannel fading for 100 m distance is 18.5 dB, and for 150 m
it is 14.1 dB, which corresponds to the use of the distributed
subchannel scheme. The SINR gain of the frequency adaptive

C
D

F

SINR [dB]

(no fading)
100 m

(no fading)
150 m

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 10  15  20  25  30

Max Waiting Time

Round Robin

Max SINR Gain
150 m

100 m

Fig. 2. SINR distribution function depending on scheduling strategy

scheduling schemes compared to the distributed subchannel
scheme does not depend on the distance. It is 5.9 dB with the
Max SINR Gain strategy, 4.5 dB with Round Robin, and 4.0 dB
with Max Waiting Time. It is also revealed that the variance
of the SINR is significantly smaller with Max SINR Gain than
with the other schemes. It has to be noted that the SINR will
in general decrease when the system load is reduced because
not all resources have to be used. In the saturation case, all
resources independent of their quality are allocated. Anyway,
the SINR distribution in the latter case is essential for the
system evaluation because it determines the capacity.

The usage probability of the different PHY modes depend-
ing on scheduling strategy and distance between BS and MT
is given in Fig. 3. The presented results have been measured at
full utilization of resources. Hence the distribution of the PHY
modes determines the system capacity. Corresponding to the
SINR distributions in Fig. 2, with Max SINR Gain the resource
exploitation has the highest efficiency. The Max Waiting Time
strategy has the smallest probability of using high capacity
PHY modes. This is based on the fact that this connection
selection strategy is focussed on the state of transmission
queues rather than on channel conditions. If packets in a queue
have waited for a long time for transmission they will be
transmitted even if only low capacity PHY modes can be used
due to low SINR levels.

The resulting effect on QoS in sense of throughput and delay
is discussed in the following.



Fig. 3. PHY mode usage

2) Capacity and Delay: In the first set of simulations the
traffic load has been modeled by a Poisson source for each
downlink connection. The throughput is shown in Fig. 4
depending on offered traffic load per downlink connection
and scheduling strategy. In addition to the frequency adaptive
scheduling strategies with adjacent subchannels, the saturation
points regarding throughput with distributed subchannels and
Round Robin scheduling are marked as a reference (286 kbit/s
and 144 kbit/s). As expected, the throughput increases linearly
with the traffic load until the system is saturated, and the
saturation point defines the system capacity.
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Fig. 4. Throughput depending on traffic load and scheduling strategy

TABLE II
RELATIVE CAPACITY GAINS OF FREQUENCY ADAPTIVE SCHEDULING

Max SINR Gain Round Robin Max Waiting Time
100 m 45 % 31 % 25 %
150 m 99 % 85 % 76 %

The evaluation shows the distinctive capacity gain with fre-
quency adaptive scheduling of adjacent OFDMA subchannels
compared to the use of distributed subchannels. The relative
gains are given in Table II. Furthermore, it can be seen that
independent of the distance between BS and MTs, the Max
SINR Gain strategy provides the highest and Max Waiting
Time the lowest capacity of the investigated strategies. The

performance of Round Robin lies in between the other two
schemes.

For the detailed assessment of the system performance,
the following discussion is focussed on the analysis of delay
distribution. Fig. 5 shows the mean packet delay depending on
traffic load per connection. This figure reveals the considerable
differences between the scheduling strategies. The tradeoff
between capacity and delay is apparent. Max SINR Gain
provides the highest capacity but the mean delay can be
significantly larger than with the other strategies. This effect
is particularly shown in the results for 100 m distance. When
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Fig. 5. Throughput-delay characteristic

the system is not saturated, Max Waiting Time results in the
lowest delay. In contract to the other strategies, it works like
a control circuit which is targeted on the minimization of the
mean delay of all connections. This can be accomplished since
this strategy gets all the time feedback from the transmission
queues about the current state concerning delay. The problem
with Max Waiting Time is on the other hand that it reaches the
saturation point earlier than the other schemes because, due
to the focus on delay minimization, the resource utilization
becomes less efficient.

In addition to the mean delay depending on traffic load,
Fig, 6 shows the complementary cumulative distribution func-
tion (CCDF) of the packet delay for a traffic load of 300
and 350 kbit/s for 100 m cell radius. For all strategies the tail
of the CCDF has a negative exponential asymptote (straight
line in semi-logarithmic representation). The delay variance
is correlated to the steepness of this line. It is revealed that
even if the mean delay does not differ much, as in the case
of 300 kbit/s (compare Fig. 5) the CCDF can show significant
differences, i.e. the probability for large delays. The results
show that, independent of the traffic load, Max Waiting Time
has the smallest delay variance, and Max SINR Gain the
largest variance. Due to the accurate SINR estimation based
on the small Doppler shift, the impact of retransmissions due
to packet errors can be neglected.

3) Impact of Traffic Load Variance: For the investigation
of the dependency of the system performance on the variance
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of the traffic load, the coefficient of variance for the packet
interarrival time has been changed in the load generator.
The interarrival time is now modeled by an hyperexponential
distribution with two exponential phases [17]. This makes
it possible to create a distribution for the interarrival time
with a specific coefficient of variation which is defined as the
ratio between expectation and standard deviation [18]. These
increased variations are considered to be more appropriate to
model data transmissions because they pattern a bursty char-
acteristic. It has to be noted that for the Poisson sources in the
preceding simulations with a negative exponential distribution
of interarrivel time, the coefficient of variation was 1.0.
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Fig. 7. Complementary distribution function of packet delay depending on
traffic characteristic (coefficient of variation C of packet interarrival time)

Fig. 7 shows the delay CCDF depending on the coefficient
of variation of the interarrival time of data packets. The traffic
load is 250 kbit/s and the distance between BS and MTs is
100 m. The coefficient of variation has been set to 2.0 and
8.0. The results show that the Max SINR Gain strategy has
the highest sensibility to variations of the traffic characteristic.
The performance is clearly reduced when the variation is
increased. With Max Waiting Time the impact of fluctuations
of packet arrivals on the delay performance is rather marginal.
The performance of Round Robin is between Max SINR Gain
and Max Waiting Time.

V. CONCLUSION

A detailed performance comparison of different strategies
for frequency adaptive OFDMA scheduling with fair allocation
of transmission capacity has been presented in this paper. It has
been shown that maximum adaptation to channel conditions
results in significant capacity gains on the cost of increased
delay. On the other hand, scheduling strategies with objective
of delay minimization result in a reduced efficiency in the
resource utilization. Hence, it is expected to be reasonable to
apply a dynamic selection of scheduling strategies depending
on current resource utilization. When the resource utilization
is low, it makes sense to use a delay minimizing strategy. In
the case of high traffic load, the scheduling strategy should be
focused on throughput maximization. These results present a
basic contribution to the activities concerning the assessment
of future broadband radio systems. Future work will further-
more consider the impact of interference and uncertainty in
the SINR estimation on the performance.
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