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Abstract—Generally, optimization techniques for resource allo-
cation of orthogonal frequency-division multiple-access (OFDMA)
systems are infeasible for real-time applications. In this paper,
with consideration of grouping for subscriber stations (SSs), a
resource-allocation scheme by an optimization technique of a
genetic algorithm is proposed for the uplinks of IEEE 802.16
OFDMA systems. The genetic algorithm with SS grouping
resource-allocation (GGRA) scheme first designs a rate assign-
ment strategy that is applied with a predefined residual lifetime to
dynamically allocate resource to each service. It then aggregates
high-correlation SSs into the same group, where the SSs will be al-
located to different slots to avoid mutual user interference. Finally,
the GGRA scheme finds an optimal assignment matrix for the
system by the genetic algorithm based on the SS groups to greatly
lessen the computation complexity. The GGRA scheme can also
maximize the system throughput and fulfill the quality-of-service
(QoS) requirements. Simulation results show that the proposed
GGRA scheme performs better than the efficient and fair schedul-
ing (EFS) algorithm and the maximum largest weighted delay first
(MLWDF) algorithm in system throughputs, voice/video packet
drop rates, unsatisfied ratios of hypertext transfer protocol
(HTTP) users/packets, and file transfer protocol (FTP) through-
puts. The computation complexity of the GGRA scheme is also
tractable and, thus, feasible for real-time applications.

Index Terms—Genetic algorithm (GA), orthogonal frequency-
division multiple access (OFDMA), quality of service (QoS), re-
source allocation, subscriber station (SS) grouping, uplink (UL).

I. INTRODUCTION

THE IEEE standard 802.16 has become a popular broad-
band wireless-access technology. The IEEE 802.16-2004

[1] specification defines the frame structure for uplink (UL) and
downlink (DL) and contains data-transmission techniques such
as quality of service (QoS), power control, adaptive modula-
tion and coding, and orthogonal frequency-division multiple
access (OFDMA). IEEE 802.16e [2] is specified to support
high-mobility communications for wireless metropolitan area
networks. On the other hand, multiple-input multiple-output
(MIMO) has also been a popular technique in recent years. It
provides space diversity to recover the data from a time-variant
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channel. The technique provides us degrees of freedom to make
resource allocations.

In the UL of IEEE 802.16, subscriber stations (SSs) send
bandwidth requests to the base station (BS), and the BS takes
the responsibility of allocating the service traffic of UL SSs
to the UL subframe. There are four types of service traffic
with differentiated QoS requirements in IEEE 802.16. The
BS should allocate the resource and guarantee the QoS re-
quirements. Since IEEE 802.16 defines a grant-per-SS (GPSS)
structure, the BS allocates the resource to each SS, and each SS
should have a scheduler to map the service flow to the dedicated
resource. Therefore, a layered structure is considered: a BS
bandwidth allocator and an SS scheduler. It is shown in [3] that
this structure can achieve better performance.

Usually, such a resource allocation is mathematically for-
mulated into an optimization problem. If the solution of the
optimization problem were found by the exhaustive search, it
would take a lot of computation time and become infeasible.
Therefore, a lot of research by heuristic algorithms for subopti-
mal solution was proposed. Sun et al. [4] considered a single-
carrier modulation scheme (WirelessMAN-SC) and proposed
a queue-aware scheduling algorithm using a threshold set to
each service flow to define their urgent levels. The method of
a threshold set is useful in controlling the queue length such
that the service flows may not wait too long and violate the
QoS requirements. However, the algorithm considered a single-
carrier modulation scheme, which is not applicable for the 2-D
allocation for the OFDMA scheme. Ben-Shimol et al. [5]
considered a 2-D mapping scheme using a rectangular-shaped
allocation, which is consistent with the allocation format of
the IEEE 802.16 UL OFDMA mode. The scheme separates
the allocation into two parts, i.e., a scheduler and a mapper,
and it simply considers the frame length and tries to maxi-
mize the allocation efficiency with or without service priority.
However, the channel response due to the frequency-selective
fading channel is not considered, which is also impractical.
Yen et al. [6] proposed a dynamic priority resource-allocation
(DPRA) scheme for IEEE 802.16 UL systems. The DPRA
scheme dynamically gives priority values to four types of
service traffic based on their urgency degrees and allocates
system radio resources according to their priority values. It
can maximize the system throughput and satisfy differentiated
QoS requirements. Tsai et al. [7] also proposed an adaptive
radio resource allocation (ARRA) for the DL OFDMA/space-
division multiple-access system. It defines a priority value to
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dynamically allocate the resource to urgent SSs. Simulation
results show that ARRA can guarantee QoS and achieve good
system throughput. However, it considers the DL case, and
the allocation can be further improved by global allocation
methods.

Furthermore, some research made effort to reduce the com-
putational complexity for practical applications. For example,
Wang et al. [8] proposed a tree-structure-based method. It has
great reduction since its complexity is in a linear increment,
rather than exponential, with the increase in the number of users
and antennas. However, it is designed for antenna selection
only and lacks QoS requirement consideration. As a result, it
is not suitable for systems that support multimedia traffic with
QoS constraints. Singh and Sharma [9] proposed an efficient
and fair scheduling (EFS) algorithm. This algorithm defines a
fixed-priority allocation policy such that high-priority service
with high-channel gain will be allocated first. This heuristic
approach can achieve high system throughput and satisfy the
QoS requirement in most cases. However, the fixed-priority al-
location policy would lack flexibility. Park et al. [10] proposed
an algorithm based on the maximum largest weighted delay
first (MLWDF) algorithm, which can dynamically adjust the
priority of unsolicited grant service (UGS), real-time polling
service (rtPS), and nonreal-time polling service (nrtPS) traffic.
This algorithm can improve the QoS fulfillment and maintain
the good performance. Both the EFS and MLWDF algorithms
use the heuristic approach, which choose one SS at a time. The
performance can be further improved if optimization techniques
are used, which completely plan the allocation for the whole
frame.

An optimization technique that takes advantage of the nature
behavior is called the genetic algorithm (GA). The GA is based
on the nature of survival of the fittest. It randomly generates
the population, using crossover and mutation methods, and
evaluates chromosomes by a well-defined fitness function. It
performs well for finding an optimal solution if a good con-
vergence strategy is defined. Moreover, the computation time
can be limited by setting an iteration upper bound. Therefore,
it is helpful in many dimensions to solve the optimization
problem. It is widely used in manufacturing problems such as
job-shop scheduling or a flow-shop problem. There is also some
GA applied in communications. Reddy et al. [11] proposed an
efficient orthogonal frequency-division multiplexing (OFDM)
scheduling algorithm based on the GA to do the subchannel
selection and power loading; Guo et al. [12] proposed an
antenna-selection method based on the GA for MIMO systems.
However, it is found that this previous research faces several
problems, such as QoS requirement guarantee and computa-
tional tractability, while conforming to the IEEE 802.16 UL
frame format.

In this paper, we propose the GA with SS grouping resource-
allocation (GGRA) scheme for ULs of IEEE 802.16 wireless
communication systems. The GGRA scheme first designs a
rate-assignment strategy (RAS) and formulates the resource-
allocation problem as an optimization equation that is subject
to system constraints. The RAS is to allocate a resource for
QoS guarantee and UL frame structure conformity. Also, to
make the computation tractable, the GGRA scheme considers

the interference due to user channel correlation and aggre-
gates those SSs that have high correlation in the same group.
Then, it adopts the GA to solve the optimization problem and
obtain an optimal assignment matrix for the UL of the IEEE
802.16 communication system. Notice that these groups turn
to the genes of chromosomes in the GA, where the number
of groups (genes) would be much smaller than the number of
original SSs. Then, the individuals in the GA are represented
by arbitrary permutation of group orders and used to decide
the frame allocation. If there is still remaining resource after
the GA, a residual resource reallocation (RRR) method, which
is contained in the GGRA, is designed to enhance the system
throughput. Consequently, the GGRA scheme can efficiently
find the optimal solution and maximize the system through-
put. Simulation results show that the proposed GGRA scheme
achieves higher system throughput than the EFS algorithm [9]
and the MLWDF algorithm [10] by 18% and 9%, respectively.
The unsatisfied ratio of hypertext transfer protocol (HTTP)
users of the GGRA scheme is also the lowest among the three
schemes. Furthermore, the GGRA scheme attains higher file
transfer protocol (FTP) throughput than the EFS and MLWDF
algorithms by 30% and 14%, respectively. The computation
time of the GGRA is also reasonable and feasible for real-time
applications.

The remaining part of this paper is organized as follows.
Section II describes the system model, including the virtual
MIMO system, service traffic types, and user correlation.
Section III introduces the proposed RAS and formulates the UL
resource allocation into an optimization problem. Section IV
presents the proposed GGRA scheme to find a kind of optimal
solution for the problem. Section V illustrates simulation re-
sults and discussions. Finally, concluding remarks are given in
Section VI.

II. SYSTEM MODEL

A. OFDMA System With Virtual MIMO

Assume that the UL of the IEEE 802.16 wireless commu-
nication system is in the OFDMA mode with adjacent sub-
carrier grouping. There are N subchannels in the system, and
one subchannel is composed of q subcarriers. A single cell
consisting of one BS and K SSs (users) is considered. Each
SS is equipped with one transmit antenna only, whereas a BS
has M receiving antennas. These single-antenna SSs and the
M -antenna BS form a virtual-MIMO system with an M -by-K
channel matrix if the distributed antennas among K SSs can be
seen as a virtual multiple input. Due to the space diversity, the
MIMO system can have many SSs transmit data through the
same subchannel as long as the rank constraint is fulfilled.

The OFDMA/time-division-duplex frame structure defined
in IEEE 802.16 contains two subframes: one for DL and the
other for UL. The duration of DL and UL subframe is decided
by the BS and broadcast through the DL map (DL-MAP) and
UL map (UL-MAP) messages to each associated SS. Assume
that there are L symbols in the UL map and that the basic
allocation unit is a slot, which is rectangular in shape and
composed of one subchannel and one OFDMA symbol.
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IEEE 802.16 supports four types of services, including real
time and nonreal time. Each service type is stated as follows.

1) UGS, which supports constant-bit-rate real-time traffic,
such as voice transmission. UGS flows should be granted
a fixed amount of resource in each frame, and there is no
bandwidth request that is needed for UGS.

2) rtPS, which is designed for variable-size real-time data
transmission, such as video streaming. It is a delay-
sensitive traffic so that the delay requirement is an im-
portant QoS issue for the rtPS. The resource allocation
for this type of service should be dynamically arranged
according to the packet-delay requirement of the SS, and
the packet dropping rate should be under its requirement.
The rtPS can use a polling mechanism to request more
bandwidths if there is a large amount of service flow in the
buffer or if the delay requirement is going to be violated.

3) nrtPS, which is designed to support delay-tolerant data
streams, and a requirement of a minimum transmission
rate for the SS is needed. There are nrtPS flows such as
the HTTP traffic. The nrtPS flow can use a polling service
to request bandwidth according to the buffer condition or
the minimum rate requirement.

4) Best effort (BE), which is non-QoS guaranteed. The BE
service is always the lowest priority and will be trans-
mitted when the system resource is still available after
scheduling UGS, rtPS, and nrtPS. Therefore, the BE can
only use the remaining resource in the system.

In this paper, the proposed GGRA scheme will use an
RAS with a predefined residual lifetime, which represents the
number of available frame delays according to the head-of-line
packet size and the delay bound (minimum rate requirement)
for UGS and rtPS (nrtPS) traffic, to dynamically adjust the pri-
ority of each service traffic to guarantee the QoS requirement.
The details of the RAS will be described in Section III.

B. Power Allocation

To achieve the target bit error rate (BER), the transmission
power for each SS is needed to be determined to combat noise
and interference while maximizing the system throughput. A
normalized quadratic-amplitude modulation (QAM) is used
so that the data symbol has unitary mean energy. The QAM
includes quadrature phase shift keying (QPSK), 16-QAM, and
64-QAM. Also, the channel response of the system is assumed
to be almost constant during the interval between the SS report
and the transmission. Therefore, the channel gain of user k on
subchannel n, which is denoted by hk,n, is constant throughout
the time interval. The additive white Gaussian noise (AWGN)
with zero mean and variance σ2 is assumed to be applied to the
transmitted signal in the channel. Finally, the received signal-

to-interference-plus-noise ratio (SINR) of user k on subchannel
n at the �th OFDMA symbol, which is denoted by SINR�

k,n,
can be obtained by

SINR�
k,n =

ρ�
k,n|hk,n|2∑

k′ �=k

ρ�
k′,n|hk′,n|2 + σ2

(1)

where ρ�
k,n is the allocated power of user k of each subcarrier

on subchannel n at the �th OFDMA symbol, 1 ≤ k, k′ ≤ K,
1 ≤ n ≤ N , and 1 ≤ � ≤ L. There is a tight bound of the BER
when using Q-QAM at a given SINR value, which is derived in
[13] and is given by

BER ≤ 0.2e−1.5×SINR
Q−1 . (2)

Therefore, we can get the minimum SINR of user k, which is
denoted by SINR∗

k, to achieve the target BER for user k, which
is denoted by BER∗

k, by

SINR∗
k =

−(Q − 1) ln (5BER∗
k)

1.5
. (3)

Since SINR∗
k is determined by the power of user k and other

users that are scheduled in the same subchannel, it is quite
complicated to determine the transmission power by a total-
user consideration. Zhang and Letaief [14] have proposed a
method to deal with the spatial multiple access of MIMO-
OFDM systems. The mutual channel correlation for each pair
of users k1 and k2, which is denoted by Cork1,k2 , is assumed to
be independent of the subchannel and is defined by (4), shown
at the bottom of the page, where j is the imaginary part of the
complex number, d is the distance between the two transmit
antennas, θRx

ki
is the direction of arrival of ki’s signal, i = 1

or 2, and λ is the wavelength of the subcarrier. It also shows
that the user interference can be almost perfectly cancelled by
the multiuser detector if we put low-correlation users into the
same subchannel [11], [14]. Thus, if low (high) correlation SSs
are aggregated into the different (same) group and allocated to
the same (different) slots, the interference term in (1) can be
neglected, and ρ�

k,n to achieve BER∗ can be obtained by

ρ�
k,n =

−(Q − 1) ln(5BER∗)σ2

1.5|hk,n|2
. (5)

Finally, the power of user k in subchannel n, which is denoted
by p�

k,n, can be obtained by

p�
k,n = q · ρ�

k,n. (6)

|Cork1,k2 | =

⎧⎨
⎩

1
M

∣∣∣∣ 1−exp
(
j2π d

λ M
(
sin

(
θRx

k1

)
−sin

(
θRx

k2

)))
1−exp

(
j2π d

λ

(
sin

(
θRx

k1

)
−sin

(
θRx

k2

))) ∣∣∣∣ , if θRx
k1

�= θRx
k2

1, if θRx
k1

= θRx
k2

(4)
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III. RATE-ASSIGNMENT STRATEGY AND

PROBLEM FORMULATION

An RAS is designed for QoS guarantee and efficient resource
allocation. The RAS gives a priority to the traffic of each
service of the SS, based on a predefined residual lifetime, and
dynamically adjusts the priority frame by frame. The residual
lifetime represents the number of frames remaining to finish the
transmission for the head-of-line (HOL) packet of the service
traffic; otherwise, the HOL packet will be discarded. The SS
with a smaller residual lifetime should have a higher priority,
and the RAS will choose the SS with the highest priority to
serve first.

Denote Fk,s as the residual lifetime for service type s of
SS k, s ∈ {UGS, rtPS, nrtPS, BE}. Fk,UGS is initially set to
its packet-delay requirement, which is denoted by D∗

k,UGS,
and is decreased one unit frame by frame. Fk,rtPS can be
obtained by

Fk,rtPS = D∗
rtPS − F̃k,rtPS (7)

where D∗
rtPS is the packet-delay requirement of the rtPS traffic

of SS k, and F̃k,rtPS is the number of frames experienced by
the rtPS packet of SS k at the current scheduled frame.

For Fk,nrtPS, it can be derived from the nrtPS’s require-
ment of a minimum transmission rate of SS k, which is
denoted by R∗

k,min, which would be a long-term average.
Denote the number of bits remaining unserved for the nrtPS
HOL packet for service class s of user k by HOLk,s, s ∈
{UGS, rtPS, nrtPS, BE}, the number of bits previously trans-
mitted for the nrtPS packet of user k by Tk,nrtPS, and the
number of previously active frames for the nrtPS transmission
of user k by τk,nrtPS. Since the system should fulfill the mini-
mum rate requirement for the nrtPS, the maximum number of
frames that are allowed for the HOL packet to transmit, which
is denoted by D∗

nrtPS, should make the long-term average
transmission rate larger than R∗

k,min. Therefore, D∗
nrtPS can be

calculated by

D∗
nrtPS =

⌊
Tk,nrtPS + HOLk,nrtPS

R∗
k,min

⌋
− τk,nrtPS. (8)

Then, Fk,nrtPS can be obtained by

Fk,nrtPS = D∗
nrtPS − F̃k,nrtPS (9)

where F̃k,nrtPS is the number of frames that are experienced by
the nrtPS HOL packet of user k. For FBE, we do not ensure
its QoS. However, a very low minimum-transmission rate can
be set for the BE traffic to avoid starvation of its service
packet transmission. Therefore, D∗

k,BE and Fk,BE can be sim-
ilarly calculated by (8) and (9) as for D∗

k,nrtPS and Fk,nrtPS,
respectively.

The RAS determines the number of bits for service class s of
user k, which is denoted by Rk,s, s ∈ {UGS, rtPS, nrtPS,
BE}, 1 ≤ k ≤ K. Rk,s is given by (10), shown at the bottom of
the page, where D∗

k,s denotes the packet delay requirement of
SSk with service type s. When an SS is selected, this RAS can
help the scheduler give more resource to more urgent service
to ensure the QoS. It divides D∗

k,s into four levels, gives the
average minimum rate to level 1 (L1) of each service, and
doubles the rate when the service enters the next level. At
level 4 (L4), the HOL packet for service type s of SSk will
be forced to be totally sent out to avoid QoS violation. This
RAS saves the resource when the traffic is not urgent and
gives it to urgent traffic by assigning more transmission bits.
Notice that, to reduce the transmission overhead, the data of
different services for the same SS should be aggregated and be
consistently allocated.

Subsequently, in this paper, the proposed GGRA scheme
intends to maximize the system throughput and fulfill QoS
requirements for all SSs while being subject to system con-
straints such as the power, rank, and buffer constraints. There-
fore, the resource-allocation problem is to decide an optimal
user–subchannel pair and the corresponding modulation order.
Denote x�

k,n as the number of bits that are carried by the
modulation order for each subcarrier in subchannel n of SSk

in the �th OFDMA symbols 1 ≤ k ≤ K, 1 ≤ n ≤ N , and 1 ≤
� ≤ L, which is given by

x�
k,n =

⎧⎪⎨
⎪⎩

0, if not assigned
2, if QPSK modulation is assigned
4, if 16-QAM is assigned
6, if 64-QAM is assigned.

(11)

The assignment vector in the �th OFDMA symbol for all users,
which is denoted by x�, can be expressed by (12), shown at
the bottom of the page. Then, the assignment matrix for the
OFDMA UL frame, which is denoted by x, is given by

x = [x1,x�, . . . ,xL]. (13)

Rk,s =

⎧⎪⎪⎨
⎪⎪⎩

HOLk,s/Fk,sbits, if 0.75D∗
k,s ≤ Fk,s ≤ D∗

k,s (L1)
min{2 · HOLk,s/Fk,s, HOL}bits, if 0.5D∗

k,s ≤ Fk,s ≤ 0.75D∗
k,s (L2)

min{4 · HOLk,s/Fk,s, HOL}bits, if 0.25D∗
k,s ≤ Fk,s ≤ 0.5D∗

k,s (L3)
HOLk,sbits, if Dk,s ≤ 0.25D∗

k,s (L4)

(10)

x� ≡
[
x�

1,1, x
�
1,2, . . . , x

�
1,N , . . . , x�

k,1, x
�
k,2, . . . , x

�
k,N , . . . , x�

K,1, x
�
K,2, . . . , x

�
K,N

]T
(12)
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Since one subchannel is composed of q subcarriers, given x,
the total allocated bits to user k in the UL subframe, which is
denoted by Rk(x) or Rk, can be calculated by

Rk =
L∑

l=1

N∑
n=1

q · xl
k,n. (14)

Finally, the allocation problem can be mathematically formu-
lated as optimization equations given by the following.

Objective

x∗ = arg max
x

K∑
k=1

Rk(x). (15)

Subject to the system constraints

1) power constraint :
N∑

n=1

p�
k,n ≤ pk,max, 1

≤ k ≤ K, 1 ≤ � ≤ L

2) rank constraint :
K∑

k=1

sgn
(
x�

k,n

)
≤ M, 1

≤ n ≤ N, 1 ≤ � ≤ L

3) buffer constraint : Rk ≤ Bk, 1 ≤ k ≤ K (16)

and the RAS

1) SS with the lowest Fk,s is selected first

2) when SSk is selected, determine Rk,s by (11)

3) each SS should obey consistent allocation (17)

where x∗ is the optimal assignment matrix, pk,max is the max-
imum allowable power for SS k, Bk is the total number of bits
in the buffers for all service types of SS k, and Rk =

∑
s Rk,s.

IV. GENETIC ALGORITHM WITH SUBSCRIBER STATION

GROUPING FOR RESOURCE ALLOCATION

The GGRA scheme is here devised to solve the optimization
problem given in (15)–(17). The GGRA scheme first performs
SS grouping by aggregating high-correlation SSs together as a
group since the user correlation in a virtual MIMO system may
lead to a large interference and severe performance degradation.
The SS grouping is executed by choosing an SSk and including
all other SSs that have high correlation with the SSk. Usually, a
correlation threshold δ is given, and those SSs with a correlation
value that is higher than δ are aggregated into the same group
[14]. If there is SS that has a correlation value with other SSs
higher than δ, then the SS will become one group by itself.
The GGRA scheme will assign these SSs in the same group
to different slots to prevent high mutual interference. Notice
that since the system performance of the BER is a function of
the correlation amplitude, this correlation threshold δ can be
determined such that the corresponding BER is just below the
target BER, i.e., BER∗.

Assume that there are a total of G groups in the system. Then,
the GGRA scheme adopts the optimization technique of the GA
to find the solution, where the G groups will be the G genes
of a chromosome (an individual) for the GA, and the initial
chromosome is denoted by C0. Therefore, the GGRA scheme
not only avoids interference among high-correlation users but
also reduces the number of genes in GA chromosomes.

Based on C0, I chromosomes are firstly formed to be the
population of the first generation by random permutation of
the genes (groups). Then, the GA uses a two-point crossover
method to generate the population of the next generation. It ran-
domly chooses two chromosomes and performs gene exchanges
between the two chromosomes. Afterward, those duplicated
genes in one chromosome are randomly permutated and put
back to replace the duplicated genes of the other chromosome.
There are 2I chromosomes in total with a different order of
genes generated for each generation. The ith chromosome,
which is denoted by Ci, 1 ≤ i ≤ 2I consists of G number of
SS groups and is expressed as

Ci = [Φi,1, . . . ,Φi,g, . . . ,Φi,G] (18)

where Φi,g is the gth chromosome in the ith individual, which is
the basic element in each individual. Assume that Φi,g contains
κ SSs and is expressed as

Φi,g = {SSg,1, SSg,2, . . . , SSg,κ]. (19)

Notice that different individuals represent various scheduling
orders of groups. The GA performs the allocation based on the
RAS for each Ci, 1 ≤ i ≤ 2I . It chooses the first group and
allocates resource to the SS with the smallest residual lifetime
from the first slot of the UL subframe. After choosing the
SS, for example, SS k, its available modulation order can be
obtained by the power allocation given in (5) and (6) under
the power constraint. Then, the RAS is applied to determine
the allocated data bits to SS k. Finally, the required number of
slots for SS k can be calculated by �Rk/q · xl

k,n	. If there are
remaining bits in the slots, they will be given to each service
class of SS k proportionally to their service queue length. When
finishing the allocation for this SS, the GA will continue finding
the next SS in the same group by the residual lifetime. If every
SS in this group is scheduled, then the GA will allocate the
resource to SSs in the next group until all SSs are scheduled or
no remaining resource is left.

If there are still free slots available when all SSs are allocated,
the GGRA performs RRR for utilization maximization. In each
available free slot, the GGRA will check the power and buffer
constraints of each SS and the rank constraint for the system.
Then, it gives the slot to the SS that supports the highest
modulation order among all SSs under the system constraints.
Each selected SS can transmit its four kinds of service in the
slot. The RRR will iteratively choose the SS until there are
no remaining slots or packets in the queue. Consequently, a
UL allocation map for each individual is determined. Notice
that one individual gets one allocation result. After finishing
the allocation, the GA should evaluate the fitness of each
individual related with one allocation result. Since we want
to maximize the throughput with QoS guarantee, a predefined
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TABLE I
SYSTEM-LEVEL PARAMETERS

fitness function, which is denoted by Π, is defined to evaluate
the individuals, which is given by

Π

(∑
k

Rk, ν

)
=

∑
k

Rk

q · W · e−α·ν (20)

where α is a constant to control the exponential decay, ν is
the unsatisfied ratio, which is the number of bits for UGS,
rtPS, and nrtPS unsatisfied service traffic divided by the total
number of bits of the original HOL packet, and W represents
the total number of used slots in the current scheduled frame.
Π contains two terms: The first term gives a value about
spectrum efficiency, and the second term gives a value that is
related with the unsatisfied ratio. As a result, I individuals
with the highest fitness value will be chosen to become the
offspring. If the maximum iteration number is reached, or the
optimal solution is found, which leads to 64-QAM for each slot
and zero unsatisfied ratio, then the GGRA will terminate and
choose the best individual with the highest fitness value. The
corresponding allocation result will be adopted for UL resource
allocation. Otherwise, the GGRA will go back to the crossover
and mutation and produce the new individuals for allocation in
the next iteration.

V. SIMULATION RESULTS AND DISCUSSION

We perform the simulations by using C++ language in the
workstation. In the simulations, the system-level parameters of
the UL IEEE 802.16 system are set to be compatible with the
IEEE 802.16m Evaluation Methodology Document [15]. Both
the large- and small-scale fadings are considered, and the path
loss is modeled as 128.1 + 37.6 log X (dB), where X is the
distance between the BS and the SS in units of kilometers. The
power delay profile follows the exponential decay rule. Finally,
the channel state is assumed to be fixed within one frame and
varied frame by frame with time according to the fading model.
Table I shows these system-level parameters.

Four types of traffic corresponding to the UGS, the rtPS, the
nrtPS, and the BE are considered in the simulations [15]. The
first one is the voice traffic for the UGS, which is modeled as
the ON–OFF model, with ON (OFF) period exponentially distrib-
uted with a mean value of 1 s (1.35 s). During the ON period,

TABLE II
QoS REQUIREMENTS OF EACH SERVICE TYPE

one packet is generated every 20 ms with a fixed size of 28 B,
with both a payload and a header included. The second is the
video-streaming traffic for the rtPS. It consists of a sequence
of video frames regularly generated every 100 ms. Each video
frame is composed of eight slices, and each slice is related to a
single packet. The size of each slice packet is truncated Pareto
distributed, and the interarrival time of two consecutive packets
is also truncated Pareto distribution. The third service type is the
Web-browsing HTTP traffic for the nrtPS. It is modeled as a se-
quence of Web-page downloads, and each page is composed of
several packet arrivals. It can be separated as a main object and
some embedded objects that can be divided into several packets,
and the maximum transmission unit is 1500 B, with the header
included. The interarrival time between two pages is exponen-
tially distributed with mean time of 30 s. The main and embed-
ded objects are both truncated lognormal-distributed with mean
of 10 710 and 7758 B, respectively. The last type is the FTP
traffic for the BE. It is modeled as a sequence of file down-
loads. The size of each file is truncated lognormal-distributed
with mean of 2 MB, standard deviation of 0.722 MB, and a
maximum value of 5 MB.

The interarrival time of two consecutive files is exponentially
distributed with mean of 180 s. We can calculate the arrival
rates of the UGS, the rtPS, the nrtPS, and the BE by the traffic
models mentioned above, which are 4.8, 64, 14.5, and 88.9 kb/s,
respectively. The QoS requirements of each service type are
defined in Table II. Furthermore, the minimum transmission
rate of the BE traffic is set as 1 B per frame for calculating
FBE in the GGRA scheme.

The number of SSs varies from 10 to 80, which are uniformly
distributed over the cell. Each of the SS contains all the four
types of services and has a speed of 60 km/h. In this paper, the
maximum system transmission rate in a frame, which is equal to
14.7456 Mb/s, is achieved when the highest modulation order is
assigned to the M SSs with low correlation in each slot accord-
ing to the rank constraint. The traffic intensity is defined as the
ratio of the total average arrival rate of four service types of all
users over the maximum system transmission rate. We compare
the proposed GGRA scheme with the EFS [9] and MLWDF
algorithms [10], which use a heuristic approach and define the
service priority statically and dynamically, respectively.

Fig. 1 shows the system throughput of the three resource-
allocation schemes. It can be seen that the three schemes
have similar throughput in low-medium traffic-intensity cases
because the system can sufficiently support the four types
of services in these cases and easily fulfill the QoS require-
ments of the UGS, the rtPS, and the nrtPS. However, in the
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Fig. 1. System throughput.

high-traffic-intensity case, the GGRA scheme has the highest
throughput among the three allocation schemes. It is because
the GGRA adopts the residual lifetime of the service traffic to
dynamically allocate the resource, and thus, their QoS require-
ments can be satisfied. Also, the GGRA uses the GA, instead
of heuristic algorithms, to find the optimal allocation map, and
thus, the spectrum efficiency can be maximized. The GGRA
scheme can allocate the service traffic more precisely and
efficiently. On the other hand, the MLWDF can dynamically
adjust the traffic priority as the GGRA by a predefined function.
However, it considers one allocation slot a time rather than the
whole frame, as the GGRA does. Thus, such a local optimal
solution done by the MLWDF cannot achieve higher throughput
than the global optimal solution done by the GGRA. On the
other hand, the EFS serves the highest priority traffic first.
Therefore, it may allocate slots to the SS that have a higher
priority service but cannot support a high modulation order.
Moreover, the EFS considers one slot a time, as the MLWDF
does. These significant weak points cause the EFS scheme the
throughput degradation in the high-traffic-intensity case.

Notice that all the three allocation schemes can achieve
almost zero voice and voice packet dropping rates for all cases.
It is because the proposed GGRA scheme grants resource
according to the RAS based on the predefined residual lifetime.
The RAS can efficiently grant resource to the voice and the
video traffic because the traffic of these services has small delay
tolerances and small packet sizes. Also, the GA is applied to
make efficient allocation. Thus, the urgent voice and video
packets can be sent out before reaching the delay bound. On
the other hand, the MLWDF scheme dynamically considers
the channel gain and the weighted delay. Thus, it can take
care of the UGS, the rtPS, and the nrtPS traffic in a fair way.
Therefore, the MLWDF can achieve very low voice and video
dropping rates as the GGRA. Also, the EFS scheme always
serves the voice packet prior to other service traffic. Thus, it can
achieve a zero voice packet dropping rate for all traffic cases.
Furthermore, the video packet size is small enough and still has
higher priority than the HTTP and FTP packets; therefore, it
can also be sent out with almost zero dropping rate.

Fig. 2. Ratio of unsatisfied HTTP users.

Fig. 3. FTP throughput.

Fig. 2 shows the ratio of unsatisfied HTTP users. It can
be seen that the GGRA can maintain zero unsatisfied users
under the traffic intensity up to 0.8. This is due to the fact
that the GGRA considers a long-term average minimum rate
requirement for each HTTP user, and the RAS can give more
resources to HTTP users when the long-term rate is below
the minimum rate requirement. Therefore, if one packet is
considered unsatisfied, the GGRA scheme will give a lower
residual lifetime to the next HTTP packet of this user and force
the RAS to send it out more quickly. Finally, the overall HTTP
rate will be compensated and kept above the minimum rate
requirement. The MLWDF scheme fairly considers HTTP as
the GGRA scheme; therefore, it can keep a low unsatisfied ratio
as well. However, the EFS scheme serves HTTP packets at a
lower priority than voice and video packets. Thus, the average
rate of HTTP users will severely decrease in the high-traffic
case and cause a high ratio of unsatisfied HTTP users.

Fig. 3 shows the FTP throughputs of the three allocation
schemes. The arrival rate of the FTP traffic is much higher than
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Fig. 4. Average computation time.

the other service traffic, and the FTP throughput degradation
will severely affect the system throughput. It can be seen that
the FTP throughput of the GGRA increases until traffic inten-
sity larger than 0.8. This phenomenon is due to the cooperation
of the GA and the RAS, which save more resources for the FTP
traffic. The MLWDF considers a local optimal allocation and
dynamically assigns resources to each service. Furthermore,
if the high-priority service is forbidden to be sent out due
to power or interference issues, the FTP packets can still be
allocated in the current frame. This relaxation raises the FTP
throughput of the MLWDF scheme. In the EFS scheme, it sends
out a high-priority packet as soon as possible rather than just
fulfilling the QoS, which may cause some high-priority traffic
to use a low-modulation order. It not only reduces the spectrum
efficiency but also suppresses the transmission opportunity of
the FTP traffic, which further degrades the performance of the
FTP service. As a result, the EFS scheme has the worst FTP
throughput among the three schemes.

Finally, Fig. 4 shows the computation time of the three
resource-allocation schemes, where the dotted line denotes the
5-ms frame duration. The GGRA needs the largest computation
time in the low-traffic case since it needs to do crossover and
mutation to generate new individuals, and each individual has
a new fitness value that is calculated by the new scheduling
permutation. However, each individual in the GA is linked
to one allocation order, and these orders can be computed in
parallel with no interaction. Therefore, as the traffic intensity
increases, the average computation time by the GGRA can still
be maintained without varying too much and is kept less than
3 ms, which is lower than the frame duration. The GGRA is
feasible for real-time applications. The EFS uses a heuristic
approach to assign resources to the user with the highest priority
first. Therefore, the allocation can be done in a short computa-
tion time for the EFS under all traffic-intensity cases. On the
other hand, the MLWDF also adopts the heuristic approach to
allocate resources to the user with the largest MLWDF function
value. However, the computation of the MLWDF increases
tremendously because of the relaxation of the FTP packet

transmission opportunity, where the relaxation needs to check
the FTP queues of each SS after sorting the QoS guarantee
traffic, which takes more computation time.

VI. CONCLUSION

In this paper, a GGRA scheme has been proposed for the
IEEE 802.16 UL system. With the design of the SS grouping,
the GGRA scheme makes the adoption of the GA optimiza-
tion technique computationally tractable and, thus, feasible
in real-time applications. The GGRA scheme can maximize
the system throughput under the system constraints and QoS
requirements, where an RAS equipped with a predefined resid-
ual lifetime is originally designed. Simulation results show
that the GGRA scheme performs better than the MLWDF
and EFS schemes. The GGRA scheme can achieve high sys-
tem throughput and fulfill QoS requirements for all types of
traffic.
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