
Oad et al. EURASIP Journal on Wireless Communications and
Networking 2015, 2015:3
http://jwcn.eurasipjournals.com/content/2015/1/3

RESEARCH Open Access

Enhanced uplink scheduling algorithm for
efficient resource management in IEEE 802.16
Aneel Oad1,2, Shamala K Subramaniam1,2* and Zuriati Ahmad Zukarnain1,2

Abstract

Worldwide interoperability for Microwave Access (WiMAX) is based on the IEEE 802.16 standard. This technology
provides broadband wireless last-mile access in a Metropolitan Area Network (MAN). The IEEE 802.16-2004 standard
(i.e. Fixed WiMAX) provides specification for the Medium Access Control (MAC) and Physical (PHY) layers for WiMAX. A
critical part of the MAC layer specification is scheduling, which resolves contention for bandwidth and determines the
transmission order of users. The algorithms are researched under different mixes of traffic and for various
characteristics of the IEEE 802.16 MAC layer. In this research the focus is on the WiMAX uplink traffic scheduling. A
scheduling algorithm’s task in a multi-class network is also to categorize the users into one of the pre-defined classes.
In this research, the algorithms are tailored at enhancing the collective performance of hybrid algorithms in the
WiMAX domains which complement the assigned priorities. The spectrum of constraints which have been extracted
from the hybrid Earliest Deadline First(EDF) + Weighted Fair Queuing (WFQ) + First in First out (FIFO) EDF+WFQ+FIFO
algorithm include the static nature by which priorities are assigned and maintained during the entire duration of a
transmission time and the core attributes of absolute dependence on deadline. The second constraint is embedded
within the EDF scheduling algorithm and the perseverance of pursuing deadline associated weightages. In this
research, the reengineering of the scheduling mechanics governing the EDF algorithms has been pursued. The
dominance of the pre-stipulated deadline of the EDF algorithm is indeed acknowledged in the proposed and
developed enhanced algorithm. The simulation results indicate that the legacy algorithms are not suitable for the
multi-class traffic systems of WiMAX. This is because these algorithms do not explicitly incorporate the WiMAX QoS
parameters into their mechanisms and are highly static. Extensive discrete – event simulation experiments have been
done for the purpose of performance analysis. The performance metrics used are average throughput, average delay,
missed deadline ratio and average queue size utilization ratio. The acquired results have proven that the proposed
algorithms have successfully enhanced the static constrained algorithm.
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1 Introduction
The high cost incurred in setting up wired networks espe-
cially in rural areas has highly encouraged the expansion
of wireless networks. The growing demands (i.e. esti-
mated 25 million by end 2011) [1]) of Internet users
has motivated and challenged the innovation of wireless
technologies and its respective solutions. Each technol-
ogy has a unique nature in providing solutions to the
challenges imposed onto wireless technologies (i.e. high
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variability link, multipath and fading effects). The World-
wide Interoperability for Microwave Access (WiMAX)
IEEE 802.16 standard is among the most promising and
rising technologies. The salient features of this technol-
ogy includes its large frequency range, last mile wireless
access and increased Quality of Service (QoS) support for
various types of applications [2,3]. It efficiently caters the
metropolitan area (i.e Wireless Metropolitan Area Net-
works (WirelessMAN)) demands, with high speed data
rate and coverage is up to several kilometers (kms). The
essential components of WiMAX include a Base Station
(BS) and Subscriber Station (SS). TheWiMAXBS can pro-
vide broadband wireless access up to 30 miles (i.e. 50 kms)
for fixed stations and between 3 to 10 miles (5 to 15 kms)
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for mobile stations. The BS has a maximum data rate of
up to 70 Mbps [4]. It has superior features in compari-
son to the 802.11a which has a data rate of 54 Mbps and
ranges up to several hundred of meters. The Enhanced
Data Rates for Global Evolution (EDGE) has a data rate
of 384 kbps and a ranges up to a few kms, and finally the
Code-Division Multiple Access 2000 (CDMA2000) which
rate is 2 Mbps and a ranges up to a few kms.
This research is focused on WiMAX as the under-

lying platform. The WiMAX architecture has defined
the transmission modes as being Point to Point, Point
to Multipoint (PMP) and mesh. In this research, the
proposed algorithms are applicable to all modes. The
WiMAX architecture is represented by two main layers
of the Open System Interconnection (OSI) model which
are the Physical (PHY) and the Media Access Control
(MAC) layer. The WiMAX PHY layers defined air inter-
faces are WirelessMAN Single-Carrier (WirelessMAN-
SC) PHY or multiple-carrier PHY layer. The WiMAX
multiple-carrier PHY layers air interface are defined as
Orthogonal Frequency Division Multiplexing (OFDM)
for fixed SSs and the Orthogonal Frequency Division
Multiple Access (OFDMA) are used for both fixed and
mobile SSs. These two PHY layers air interfaces are
using the Time Division Multiple Access (TDMA) tech-
nique as a sharing mechanism among multiple SSs.
The multiple-carrier PHY spectrum works under the 2-
11 GHz range for the fixed and mobile stations and
has the Line of Sight (LOS) and Non LOS features
[4,5]. The WiMAX MAC layer is designed and imple-
mented with some advanced features to provide effi-
ciency, flexibility, encryption, error correction, link adap-
tation, power control, security, Automatic Retransmission
Request (ARQ) and QoS for Uplink (UL) and Down-
link (DL) traffic [6,7]. The MAC layer comprises of three
sub-layers which are the service specific Convergence
Sub-layer (CS), the Common Part Sub-layer (CPS) and
the Security Sub-layer [8,9]. These layers are illustrated in
Figure 1 [9].
Each of these MAC sub-layers are defined with its

respective characteristics. The MAC CS layer is the main
function to classify and maps external network data
through the CS Service Access Point (SAP) and converts
these data into the MAC Protocol Data Units (MPDUs)
for transmission over the air. The CS layer specifies the
two types of traffic which are transported. They are Asyn-
chronous Transfer Mode (ATM) and Internet Protocol
(IP) packets. Each of which is identified with a Connection
Identifier (CID) [10]. On the other sub layers, the MAC
CPS layer is the main part of the MAC layer which defines
the medium access method and specifies the functional-
ity of the system access, bandwidth allocation, schedul-
ing, contention mechanism, connection establishment,
and connection maintenance [9]. It receives data from

Figure 1 TheWiMAXMAC layer [9].

various CSs through the MAC SAP, which is classified
to a particular MAC connection [6]. The MAC Security
sub-layer lies between the PHY layer and the MAC CPS.
The Security sub-layer deals with security issues, authen-
tication and key management. The PHY and MAC lay-
ers have constantly received attention and are gradually
redesigned to address newly emerging technologies and
needs.
The IEEE 802.16e amendment specifies mobileWiMAX

that supports both fixed and mobile WiMAX features.
However, this standard does not define aMAC scheduling
architecture for the UL and DL direction. Thus efficient
scheduling design is left to the liberty of the design-
ers. Thus, providing QoS subject to scheduling for IEEE
802.16 BWA system is a challenge for system developers
[3]. A scheduling algorithm should take into account the
heterogeneous WiMAX QoS classes and service require-
ments. Scheduling algorithms are used to resolve con-
tention for shared resources in a network. Therefore, it
specifies and allocates bandwidth among the users and
determines their transmission order to enable improved
QoS in WiMAX networks [3,11,12]. Several paradigms of
scheduling algorithms have been developed to address the
evolving nature of WiMAX. Migrating from static sched-
ulers to the hybrid algorithms such as EDF+WFQ+FIFO
[13], EDF+WFQ [14], EDF+DFPQ [12] has been among
the main fundamental shift.
The rest of this article is organized as follows: Section 2

presents the related works. Section 3 shows the proposed
EEF scheduling algorithm. Section 4 presents the per-
formance evaluations of the proposed EEF scheduling
algorithm. Section 5 concludes the study, including some
ideas for future investigations.
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2 Related work
2.1 The scheduling algorithms
The scheduling algorithms are used in WiMAX system
resolve the contention of bandwidth allocation and to sat-
isfy the QoS among users with different traffic classes.
In view of the importance of individualistic characteris-
tics of traffic classes, the expansion of the 802.16-d to
harness mobility which resulted in the 802.16e standard,
has impacted the QoS traffic classification. Expanding the
four (4) classes of the 802.16-d into five (5) of the 802.16e
standard involved the exploitation of the advantages of
the UGS and the rtPS traffic. Thus, producing the ertPS
traffic [15]. Figure 2 shows the respective classes for each
versions of the standard.
In WiMAX networks (IEEE 802.16e, to be precise) of

the five QoS classes, three of them are used for real time
traffic which are the Unsolicited Grant Services (UGS),
Real Time Polling Service (rtPS) and Extended Real Time
Polling Service (ertPS). The other two classes used are
the non-real time traffic which consist of the Non Real
Time Polling Service (nrtPS) and the Best Effort Ser-
vice (BE) [15]. The UGS class provides a fixed periodic
traffic flow with a Constant Bit Rate (CBR) real-time traf-
fic without any form of QoS guarantees. An example
of this includes the Voice over Internet Protocol (VoIP)
without silence suppression [2,12,14-17]. The rtPS class
supports real time traffic flow that generates Variable Bit
Rate (VBR) with QoS guarantees in a periodical man-
ner. An example of such traffic are the Motion Picture
Expert Group (MPEG), video conferencing and stream-
ing [2,12,14-17]. The nrtPS class is for non-real time VBR
traffic with no QoS guarantees (i.e. delay). However, it
can provide guarantees in terms of high throughput. The
File Transfer Protocol (FTP) application belongs to this
class [2,12,14-17]. The BE class has no QoS guarantees
and neither guarantees delay nor throughput. This class
generates variable sized packet application such as the
Hypertext Transport Protocol (HTTP) and the electronic
mail (email) [4,15,17]. Asmentioned earlier the ertPS class
in the 802.16e has been created with the objective of
exploiting the advantages of UGS and rtPS class [2]. As
opposed to the UGS class, this class is designed to support
VoIP traffic with silence suppression and the traffic flow

generates variable sized packets. These packets are cou-
pled with QoS guarantees and space which are generated
in a periodical manner [2,12,14-17].
The design of scheduling algorithms are challenged by

the compulsory need to support different level of ser-
vices, fairness and implementation complexity [16]. The
related work analyzed in this Section has shown that there
exist multiple ways to classify the algorithms. Among
the classification of UL scheduling algorithms are as fol-
lows: i) work-conserving and non-work conserving [18],
ii) Homogeneous, Hybrid and Opportunistic [13], and iii)
Traditional or contemporary methods developed specially
for IEEE 802.16 [19]. The deliberation of each of these
methods of classification is done in detail subsection 2.2.
The focus of this research is on scheduling algorithms
for UL traffic in WiMAX. An uplink scheduling algo-
rithm at the BS has to coordinate its decision with all the
SSs whereas the downlink algorithm is only concerned in
communicating the decision locally to the BS [12].

2.2 Classification of uplink WiMAX scheduling algorithms
The IEEE 802.16 has attracted numerous scheduling algo-
rithms with respect to the characteristics of the IEEE
802.16 MAC layer and the OFDM physical layer. These
algorithms may either be classified by common advoca-
cies or be developed by a paradigm of design. There are
several classificationmethods deliberated in the literature.
One classification method groups algorithms into being
either work-conserving or non-work conserving [18]. A
work-conserving scheduler is never idle, if there exist a
packet in the queue it will be served until all jobs are fin-
ished. Whereas in a non-work conserving scheduler, the
system can be idle even when there is a packet in the
queue waiting for service. A second classification method
of scheduling algorithms has classified the algorithms
into three categories which are homogenous algorithms,
hybrid algorithms and opportunistic algorithms [13]. This
classification is based on the essence used for determining
the order of packet serving. The homogenous and hybrid
categories both consist of legacy algorithms (i.e. legacy
algorithms are those inherited from the wired/wireless
domain). However, the hybrid category employs multiple
legacy schemes which are inter-related/integrated in an

Figure 2WiMAX traffic classes.
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attempt to satisfy the diverse QoS requirements of the
multi-class traffic environment inWiMAX networks. The
opportunistic class of scheduling algorithms is proposed
for WiMAX to exploit variations in channel quality by
giving priority to users with better channel quality, while
attempting to satisfy the QoS requirements of multi-class
traffic. This class of scheduling algorithms encompasses
traditional legacy algorithm and algorithms which have
been specially developed for IEEE 802.16 as shown in
Figure 3.
Figure 3 is the classification formed based on the varying

differentiation and groupings done by the related work.
The general approach taken is to customize wired based
algorithms such as Round Robin (RR) for WiMAX. The
traditional legacy method is based on the adaption of
classical algorithms used in wired networks. They have
been classified into simple and hierarchical schedulers
[19]. The simple traditional scheme is adopted without
any modification on its form of the principal architec-
ture when deployed onto the IEEE 802.16. The hierar-
chical type of mechanisms is proposed specifically for
the IEEE 802.16 scheduling. This hierarchical mechanism
maintains fairness between the QoS classes and differen-
tiates the services between them. However, the problem
with this mechanism is the complexity of implementa-
tion. These specifically tailored algorithms developed for
the IEEE 802.16 has been further divided into algorithms
which are able to be used for all classes of traffic and algo-
rithms which are used for only a specific class of traffic
[19]. In the algorithm for all classes of traffic, the proposed
solution is capable of allocating slots based on the spe-
cific QoS requirements, bandwidth request sizes, and the
WiMAX network parameters [20]. However, for the algo-
rithms used for a specific class, it is difficult to estimate

the amount of required bandwidth due to the dynamic
changes of the sending rate of the traffic. The UL schedul-
ing algorithms classification to the attributes andmechan-
ics of individual algorithms. Each algorithm is unique in
its own sense and posses both advantages and disadvan-
tages. Trend analysis of the formation of this research is
among the intended outcomes of this discussion.

2.2.1 The weighted fair queuing algorithm
The family of Fair Queuing (FQ) algorithms has been
among the most prominent scheduling paradigms in ori-
gin of it member of the fraternity, the Weighted Fair
Queuing (WFQ) algorithm [21]. The WFQ is a packet
scheduling scheme that is evaluated to approximate Fluid
Fair Queuing (FFQ) or Generalized Processor Sharing
(GPS) scheme [22]. TheWFQ is also known as Packetized
Generalized Processing Sharing (PGPS) that is a packet
approximation algorithm for GPS [23]. This discipline
was developed independently in 1989 by Lixia Zhang,
Alan Demers, Srivinasan Keshav and Scott Shenker. The
WFQ supports both, the guaranteed service requirement
connection and also connections without guaranteed ser-
vice requirement [24]. The WFQ assigns a weight to
each subscriber the same way as Weighted Round Robin
(WRR) and the weight is equal to the amount of a quan-
tum of Deficit Round Robin(DRR) [25,26]. However, the
argument used to make a scheduling decision is the fin-
ish number. The finish number is an estimation of the
time at which each individual packet will finish service.
The packet with the lowest finish time will be sched-
uled first. The finish number is calculated based on the
subscriber’s weight, the finish number of the previous
packet scheduled on that connection and the length of
the packet [24]. Once the weight is assigned, the arriving

Figure 3 Classification of scheduling algorithms.
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packets of the SS are stamped with a virtual finish time
which is calculated using the equation below.

Sik = max
{
Fk
i − 1,V

(
aki

)}
(1)

Fk
i = Sik + Lik/φi, (2)

where Sik is the start time of kth packet of SSi; Fk
i − 1 is

the finish time of (k–1)th packet of SSi;V (aki ) is the virtual
time of the kth packet of SSi; aki is the arrival time of kth
packet of SSi; Fk

i is the finish time of kth packet of SSi; Lik
is the length of kth packet of SSi; φi is the reserved rate of
SSi, where, φi = C ∗ Wi; and Wi is the weight assigned to
SSi.
The transmission of a packet will trigger an update to

the virtual time of its SS. Subsequently, the virtual time
will be updated once a packet has been selected for trans-
mission. For a time interval τ , the virtual time V (t) is
calculated as follows:

V
(
t(j−1) + τ

) = V (tj−1) + τ∑
iεBjφi

, (3)

where τ ≤ tj − tj − 1 j = 2,3,. . . and Bj is the set of busy
SSs.
The WFQ does not make the infinitesimal packet size

assumption as was done in GPS, and with variable-size
packets, they do not need to know a connection’s mean
packet size in advance [18]. The disadvantage of the WFQ
algorithm is that it will serve packets even if they would
not have started a service under the GPS algorithm. This
is because the WFQ algorithm does not consider the start
time of a packet [27]. A tradeoff in the WFQ is its com-
plexity which is high due to the need for selecting the next
queue to serve and the computation of the virtual time.
The complexity of WFQ is O(N), where N is the number
of SSs.

2.2.2 The earliest deadline first algorithm
The earliest deadline first (EDF) is a work conserving
algorithm which was originally proposed for real-time
applications in wide area networks (WAN) [28]. The EDF
algorithm as dominant in wired networks has also proven
to be useful to WiMAX networks which have been shown

in several studies. These results have shown that the EDF
successfully achieves minimum delay and low packet loss
[13,17,29,30]. The EDF algorithm has also been analyt-
ically analyzed which have further proven these perfor-
mance characteristics [31]. The EDF algorithm is a delay-
optimal scheduling algorithm at which a single connection
in terms of a schedulable region for a set of flows is given
with deterministic delay requirements [32]. The EDF algo-
rithm has been declared to be suited for connections with
guaranteed service requirement [17]. In this algorithm,
each packet is assigned a deadline. The scheduler serves
packets in the order of their respective deadlines. The
packet with the minimum (i.e., earliest) deadline will be
served first. Thus, EDF scheduling tends to give pref-
erence to connections with real-time needs. However,
it does not provide any form of protection against the
dominance of greedy connections, which always set the
deadline closer to the arrival time. The server is only able
to guarantee that the packet with a smaller deadline will
have a higher priority andwill be served at the earliest pos-
sible time [24]. Table 1 elaborates most capable scheduling
algorithms comply in IEEE 802.16.

2.2.3 Hybrid algorithms
In deriving various solutions for the optimumUL schedul-
ing algorithm, researches have sorted to combining forces
of individual algorithm. These paradigms of design are
known as hybrid scheduling. The hybrid scheduling algo-
rithms used in WiMAX networks thus can be considered
as a unified algorithm which is formed from a combina-
tion of legacy scheduling algorithms to satisfy the QoS
requirements of the multi-class traffic as specified in the
IEEE 802.16 standard. A number of hybrid scheduling
algorithms have been proposed and are discussed in the
next section.
One of the pioneering hybrid algorithms is the

EDF+WFQ+FIFO scheduling algorithm which was pro-
posed by [13]. It is used in WiMAX networks for man-
aging heterogeneous traffic classes. These classes create
an efficient management but impose higher QoS demands
in the networks. The hybrid EDF+WFQ+FIFO algorithm
service is implemented with different QoS schedulers to
meet these requirements. The EDF is used for the rtPS
traffic, the WFQ is used for the nrtPS traffic, and the

Table 1 Comparison of legacy algorithms

Parameter of comparison RR WRR DRR WFQ EDF

Complexity O(1) O(1) O(1) O(N) O(N)

Work conserving No Yes Yes Yes Yes

Core parameter for scheduling Time stamped Weight Quantum Weight+ finish number Deadline

Supported traffic Non-real-time traffic Non-real time traffic Non-real time traffic Real and non-real-time traffic Real-time traffic
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FIFO is used for SSs of the BE class [29]. The main
reason of motivating this hybrid scheme is the ideal dis-
tribution of bandwidth among the diverse traffic classes.
There is no single legacy scheduler which can satisfy all
the QoS requirements of applications in the WiMAX net-
works [13]. The hybrid algorithm is formed accordingly to
the respective application QoS requirements. If the main
objective is to provide low delay and packet loss for the
real-time application, the EDF scheduler is selected. How-
ever, if the objective is to provide strict fairness between
the same classes of traffic, the WFQ is suitable. The
hybrid EDF+WFQ+FIFO algorithm uses the strict prior-
ity service mechanism (i.e., all the higher priority SSs are
allocated with bandwidth until they do not have any pack-
ets to send) [29]. A drawback of this hybrid scheme is that
lower priority SSs will essentially starve in the presence
of a large number of higher priority SSs due to the strict
priority of overall bandwidth allocation [12].
Another hybrid algorithm proposed for the UL schedul-

ing in IEEE 802.16 network is the EDF+WFQ [30]. This
hybrid algorithm is a combination of the EDF (i.e., SSs of
the rtPS class) and the WFQ (i.e., SSs of nrtPS and BE
classes). The WFQ and the EDF both require the compu-
tation of the virtual start time and finish time at the BS
[14]. This algorithm differs from the previously explained
algorithm in the role of WFQ which caters both the nrtPS
and the BE as opposed to only the nrtPS. Thus, the WFQ
is used for SSs of both the nrtPS and the BE classes,
and the overall bandwidth is allocated fairly. However, the
authors have used a computationally complex algorithm
(i.e., WFQ is used for the class of BE traffic which do not
required any QoS guarantees) [12,27].
Another hybrid scheduling algorithm is the combina-

tion of EDF+WFQ which was proposed by [14]. This
hybrid algorithm has shown to satisfy the QoS require-
ments of multi-class traffic and allocates bandwidth
among traffic classes based on the number of SSs and their
respective MRTR for each class. In this hybrid scheme,
the EDF is used for SSs of the ertPS, and the rtPS and the
WFQ are used for SSs of the nrtPS and the BE classes. The
bandwidth has been proven to be allocated in a fair man-
ner, and the overall bandwidth distribution is executed at
the beginning of every frame. The EDF and WFQ algo-
rithms are executed at the arrival of every packet. The
following equations are used for the calculation of the
overall bandwidth allocation.

BertPS,rtPS = C ×
∑

i∈ertPS,rtPS MRTRi∑n
j=1 MRTRi

(4)

BnrtPS,BE = C ×
∑

i∈nrtPS,BE MRTRi∑n
j=1 MRTRi

, (5)

where C is the UL channel capacity, BertPS,rtPS is the band-
width allocated to SS of ertPS and rtPS, BnrtPS,BE is the

bandwidth allocated to SS of nrtPS and BE, and MRTRi is
the minimum reserved traffic rate of the SS.
This hybrid algorithm explicitly caters all the required

QoS parameters associated to the respective traffic classes
in the IEEE 802.16. However, this is not sufficient since
scheduling classes have multiple QoS parameters such as
rtPS requiring delay, packet loss and throughput guaran-
tee.
The next hybrid scheduling algorithm discussed is the

WRR+RR which was proposed by [33]. The WRR and
RR algorithms were implemented with a strict priority
mechanism for the overall bandwidth allocation. In this
hybrid scheme the WRR algorithm has been used to allo-
cate bandwidth among SSs of rtPS and nrtPS classes
and the RR algorithm for the SSs of BE class [34]. This
hybrid algorithm has shown to starve lower priority SSs
in the presence of a large number of higher priority
SSs. The algorithm can also result in low fairness among
SSs [12].
The hybrid scheme encompassing of EDF+DFPQ

scheduling algorithm adds to the collection of hybrid
schedulers and was proposed by [12]. This scheme is tai-
lored for four traffic classes. The EDF algorithm is used
to serve SSs of the UGS and the rtPS traffic class, the
Deficit Fair Priority Queue (DFPQ) algorithm is used to
serve the SSs of the nrtPS and the BE traffic class. The
proposed algorithm for UL traffic scheduled is based on
the current queue in order of the SSs to solve starvation
of the lower priority SSs. This is especially in the case of
a large number of SSs that comprises of the higher prior-
ity. At first the EDF scheduling algorithm is execute for
UGS traffic of SSs. Due to the fact that the UGS generates
fixed size data packets on a periodic basis and it guaran-
tees the bandwidth for UGS queue, each packet entering
in the UGS queues is marked with a deadline. The packet
with a smaller deadline will be transmitted earlier. The
rtPS traffic follows the same way as the UGS. The rtPS
queue will execute after the UGS. The DFPQ schedul-
ing algorithm is used for both nrtPS and BE traffic. The
DFPQ algorithm is suitable for the UL traffic located at
the SS scheduler. The DFPQ algorithm has similar fea-
tures as the DRR algorithm which has been deliberated
in the literature. This algorithm requires accurate knowl-
edge of the packet size where the packet size vary. In the
DFPQ scheduler in each service round, the nrtPS queue is
served first until its assigned bandwidth finds deficit, and
then the BE service flow queue gets a chance to be served.
Therefore, the DFPQ scheduler can guarantee the mini-
mum bandwidth for every non real time services such as
nrtPS and BE connection and maintain throughput. This
DFPQ scheduling algorithm eliminates the starvation of
the lower priority service classes. This hybrid scheme has
reduced successfully both the delay for real-time appli-
cations and guaranteed the throughput of non-real-time
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applications Table 2 shows hybrid scheduling algorithms
with different QoS classes used.

2.2.4 Constraints of the Hybrid (EDF+WFQ+FIFO) algorithm
The details of the hybrid algorithm is briefly deliberated
prior to engaging in the limitation. The hybrid scheduling
algorithm comprising of EDF+WFQ+FIFO was originally
proposed by [13]. This algorithm allocates the bandwidth
to SSs in a strict priority manner. The EDF scheduling
algorithm is used to serve the SSs of type ertPS and rtPS
classes, while the WFQ scheduling algorithm is used to
serve the SSs of the nrtPS class and FIFO is used to serve
SSs of the BE class. The static and strict priorities have
been analyzed in detail for their inherent limitations by
many researchers. In this section, these identifications
have been deliberated with their respective solutions to
serve as a basis for the novelty of the proposed algo-
rithm in this research. The original algorithm proposed
by [13] does not take into consideration the variable chan-
nel conditions of each SS and constraints the flexibility of
WiMAX by not providing different bandwidth grant sizes
for different quality of service classes. This hybrid algo-
rithm has another drawback which is the starvation of the
lower priority SSs (i.e., nrtPS and BE) in the case when
large numbers of SSs comprising of higher priority (ertPS
and rtPS) are present. This is because the overall available
bandwidth is allocated by a strict priority to the SSs of the
high priorities [12,35].

3 Proposed earliest expiry first algorithm
In the area of scheduling algorithm, the EDF algorithm
was originally proposed by [28] and has formed the foun-
dation of many hybrid algorithms. The EDF algorithm has
proven to be suitable for real-time traffic for both the
ertPS class and the rtPS class where QoS adherence is a
must. In analyzing the EDF, the core component of choice
is based on a deadline; in specific, it is directed to acquir-
ing the minimum deadline of the packet which is to be
served first. The EDF algorithm mechanism guarantees
that packets are always searched from the queue accord-
ingly to this minimum value at time ‘t’ and is scheduled
based on an ascending order. In parallel to the execu-
tion of packets in this order, the other packets waiting
specially for having different deadlines are kept waiting

in the queue to be served until their respective dead-
line order has arrived. Therefore, in the EDF algorithm,
the absolute deadline is pursued with no other mecha-
nism to monitor its compliance. The waiting time of the
packets in the queue continuously increases, subsequently
increasing the delay. These accumulation of delay may
in many instances cause a breach of the stipulated dead-
line, as no form of monitoring is provided. The adverse
effect of this would be packets being consumed by the
base station for processing which have actually lost their
value due to surpassing the deadlines. This EDF algorithm
design has therefore limitations for packets having differ-
ent deadlines which are confined to waiting extensively in
the queue.

4 Dynamics of the EEF scheduling algorithm
The proposed earliest expiry first (EEF) algorithm has
been designed as an extraction from the hybrid sub-
scheduling EDF algorithm. The proposed EEF algorithm
has controls and monitors packets using their deadline
and respective expiry. Thus, packets are scheduled based
on a combination of stipulated deadlines and the on-going
experienced delay. Packets which have longer deadlines
are scheduled first as opposed to those with shorter dead-
lines. These cases only happen when the packets with a
shorter deadline has a longer expiry time as compared
to the packets with longer deadlines. The proposed EEF
algorithm has given a solution to avoid packet waiting
time, missed deadline, reducing delay, and increasing bet-
ter performance of the system. Figure 4 illustrates the
proposed EEF algorithm scheduling a packet.
Figure 4 shows that those packets which are waiting in

the queue and are more sensitive to expiring their dead-
lines are served first; the value associated to each packet
is time, and each of which relate to the current simula-
tion time, the time the packet arrived into the queue, the
period or duration of the time (i.e., waiting time) which
is dynamically computed, the deadline associated to each
packet, and finally the proposed time to expire. The time
to expire is constantly updated over a period of time. The
time to expire is computed as the difference between the
associated deadline and the waiting time. Thus, unlike
the EDF, the proposed EEF has a real-time indicator on
the incurred delay. The proposed EEF algorithm uses a

Table 2 Comparative summary of hybrid scheduling algorithms

Author Hybrid algorithm QoS classes

Wongthavarawat and Ganz [29] EDF + WFQ + FIFO (EDF ⇒ rtPS), (WFQ ⇒ nrtPS), (FIFO ⇒ BE)

Vinay et al. [30] EDF + WFQ (EDF ⇒ rtPS), (WFQ ⇒ nrtPS, BE)

Settembre et al. [33] WRR + RR (WRR ⇒ rtPS, nrtPS), (RR ⇒ BE)

Gidlund and Wang [14] EDF + WFQ (EDF ⇒ ertPS, rtPS), (WFQ ⇒ nrtPS, BE)

Chowdhury and Misra [12] EDF + DFPQ (EDF ⇒ UGS, rtPS), (DFPQ ⇒ nrtPS, BE)
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Figure 4 The EEF scheduling algorithmmechanism.

technique which is able to further ensure the deadline
compliance. The EDF schedules packets based on the
shortest deadline and has no provision for the expiring
status of packets which are yet to be served. Therefore,
the proposed EEF algorithm proposes to address this by
the dual deployment of scheduling algorithm with which
the primary element is the stipulated deadline with a sec-
ondary element that parallelly exerts expiry monitoring.
This can be viewed as a window of caution to ensure pack-
ets do not expire by changing the scheduling order. The
computation of the expiry is done by first computing the
current delay of packets in the queue. This is done by
extracting the arrival time of the packets from the current
simulation time. The next step involves the computation
of the current difference (CDIFF); this parameter is done
by ‘subtracting’ the current delay from the deadline (cur-
rent delay – deadline). Packets with time to expiry (TTE)
values approaching to zero are given priority. A TTE value
of zero indicates that the deadline is close to convergence.
In the presence of such a case, the packets which have a
shorter expiry are given priority even in the case where
packets having a shorter deadline are present. This EEF
algorithm is shown in Figure 5.

4.1 Simulation
The performance of the proposed algorithm EEF has been
evaluated by conducting extensive discrete event simu-
lation with each containing a total number of 36 SSs.
The main components of the developed WiMAX simula-
tor were oriented on the BS and SSs. The BS embodies
the scheduling algorithms. Each sub-scheduling algorithm
within the hybrid diameters was individually executed
(i.e., ertPS, rtPS, nrtPS and BE). The simulation run time
was 50 s to ensure an equal platform as with the com-
parative algorithm. In this research, the total number of
experiment conducted was six each being oriented by the
number of SS. The traffic rate for each class used in the

simulation is shown in Table 3. The traffic rate values for
the ertPS class is 64 Kbps, the rtPS class is 500 Kbps, the
nrtPS is 500 Kbps, and the BE is 64 Kbps. The combina-
tion of the four traffic classes are represented by the ratio
of SSs 3:1:1:1 with 36 SSs and equates to 18 ertPS SSs, 6
rtPS SSs, 6 nrtPS SSs, and 6 BE SSs. This is computed by
the summation of the ratio which results in 6. The ratio
of traffic is therefore multiplied by the results of 36 nodes
divided by the total ratio which is 6. Therefore, the total
traffic load used is 6,800 Kbps; the ertPS supplied 1,000
Kbps, the rtPS supplied 3,000 Kbps, the nrtPS supplied
2,500 Kbps, and the BE supplied 300 Kbps. The service
time (i.e.,μ) equivalent to 20 Mhz is used. The simulation
parameters used are shown in Table 3.

4.2 Performance metrics
The performance metrics used in this research to ana-
lyze the performance of UL scheduling algorithms are
throughput, average delay, total missed deadline packet
ratio, and average queue utilization. The selection of these
metrics is based on the substantial adoption of these
parameters for the performance analysis in UL schedul-
ing [13]. These performance metrics and their respective
derivation are as follows:

Average throughput = number of packet departures/simulation time

(6)

Average delay = total delay/number of packet departures
(7)

Average delay = total delay/number of packet departures
(8)

misdl ratio = tpkt misdl/npa, (9)
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Figure 5 Earliest expiry first (EEF) algorithm.

Table 3 Main parameters of the simulationmodel

Values Packet size Traffic rate Traffic load (λ)

Input simulation parameter

BS 1

Number of SSs 6 to 36

Number of experiments 6

Ratio of SSs 3 : 1 : 1 : 1

Simulation time 50 s

Service time 20 Mhz

Voice 23 bytes

Video 150 to 300 bytes

FTP 150 bytes

HTTP 100 bytes

ertPS 64 Kbps

rtPS 500 Kbps

nrtPS 500 Kbps

BE 64 Kbps

ertPS 1,000 Kbps

rtPS 3,000 Kbps

nrtPS 2,500 Kbps

BE 300 Kbps
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Figure 6 Average throughput versus the number of SS for the ertPS traffic class.

wheremisdl ratio is themissed deadline ratio, tpkt misdl is
the total packets missed deadline, and npa is the number
of packets arrived.

avqueue size=(tqueue size)/( time), (10)

where avqueue size is the average queue size, tqueue size
is the total queue size, and time is the time ⇐ simulation
clock.

5 Results and discussion
This section presents the performance of the pro-
posed EEF algorithm in comparison with the hybrid
EDF+WFQ+FIFO algorithm. The performance metric
average throughput per SS is calculated in Kbps, the aver-
age delay is calculated in millisecond (ms), the missed
deadline packets ratio is calculated in percentage (%), and
the average queue size utilization ratio is also calculated
in percentage (%). The average throughput results for the
ertPS class are illustrated in Figure 6.
The results have shown that the average throughput

in contrast to the number of SS is considered as the
load. This decreases with the increase of the number of

SS. The highest average throughput for the ertPS class
is more than 500 Kbps and the lowest is just below
100 Kbps. The proposed EEF algorithm has achieved
higher throughput as compared to the benchmark hybrid
EDF+WFQ+FIFO algorithm. This average throughput has
achieved an improved performance due to the expiry
index computation and reflection of a versatile and inter-
active parameter as compared to the static pre-defined
deadline.
The average delay for the traffic class ertPS is shown

in the Figure 7. A comparison between the results of the
benchmark hybrid EDF+WFQ+FIFO algorithm against
the proposed EEF algorithm has shown the ability of the
proposed EEF algorithm reduced the average delay. This
is due to the reason that many packets wait in the queue
and eventually expire as opposed to the proposed EEF
algorithm which schedule the packets to ensure confor-
mity of the defined deadline. The highest average delay
for the proposed EEF algorithm is below 8 ms whereas
the hybrid EDF+WFQ+FIFO algorithm’s highest average
delay is above 14 ms. Although the proposed EEF algo-
rithm have shown a gradual increase for the delay, the

Figure 7 Average delay (ertPS).
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Figure 8Missed deadline (ertPS).

maximum value achieved before being constantly main-
tained (i.e., from number of SS equivalent to 24) is still
much lower as compared to the hybrid EDF+WFQ+FIFO.
For the class of ertPS, Figure 8 illustrates the pack-

ets which have missed their deadline ratio compared
to the hybrid EDF+WFQ+FIFO with the proposed EEF
algorithm. The proposed EEF algorithm has indeed
reduced the ratio of missed deadline packets. This is
because of the monitoring of each queued packet that
no longer wait indefinitely and is propagated of its pri-
ority being served. The maximum range of average drop-
ping of missed deadline packets is and the lowest is
above 0.40. This is in comparison to the base algo-
rithm which has average missed deadline packets below
0.70.
The Figure 9 illustrates the traffic class of ertPS queue

size utilization for the two compared algorithms. The
results shows that the hybrid EDF+WFQ+FIFO consumes
substantially higher queue space as compared to the pro-
posed EEF algorithm achieves the highest average queue
space utilization amounting to a maximum of 23% and
the lowest is 3%. This in contrast for the hybrid bench-
mark EDF+WFQ+FIFO average queue utilization is has
its highest at just below 50% and the lowest above 8%.

Thus, the proposed EEF has superior performance as
compared to the hybrid sub-scheduling EDF algorithm.
This is attributed to the uncertain or unlimitless occu-
pancies by packets which eventually breach their deadline.
The queue consumption is a function of waiting time.
Thus, the proposed EEF mainly improves this factor.

6 Conclusions
The IEEE 802.16 WiMAX scheduling and resource man-
agement algorithms form the integral parts of this
research. The outcome of a detail review of the substan-
tial algorithms within this field has greatly influenced
the direction in which the designed and proposed solu-
tions have taken form. This encompassed the identifica-
tion of the impact hybrid algorithms as the underlying
paradigm for serving each distinct class of traffic. In this
research, the algorithm tailored at enhancing the collec-
tive performance of hybrid algorithms in the WiMAX
domains has been designed and developed. The spec-
trum of constraints which have been extracted from the
hybrid EDF+WFQ+FIFO algorithm includes the static
nature by which priorities are assigned and maintained
during the entire duration of a transmission time. The sec-
ond constraint is embedded within the EDF scheduling

Figure 9 Average queue size (ertPS).
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algorithm and the perseverance of pursuing deadline asso-
ciated weightages.
The contribution of this research is the reengineering of

the scheduling mechanics governing the EDF algorithms.
The dominance of the pre-stipulated deadline is indeed
acknowledged in the proposed and developed enhanced
EEF. However, the significance of providing a monitoring
mechanism that gauges between the stipulated and the
reality of performance is the central focus of the proposed
EEF. The proposed algorithm is able to aptly reevaluate
the packets of interest for transmission in the case when
packets decline of service due to a longer deadline will
eventually breach the deadline tolerance. In such cases,
the EEF prioritized with real-time statistics of expiry will
serve as the main denominator of priority. The results
acquired from the performance analysis conducted have
proven the importance of a check-and-balance system by
the enhancement achieved across all computed perfor-
mance metrics.
The future work which would further provide contribu-

tions to the elevation of WiMAX includes the incorpora-
tion of mobile SS, correlating the different traffic classes
in a holistic admission control and the complementary
downlink algorithms analysis.
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