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abstract

On the stage of today’s communications world, broadband mobile technologies are a continuously 
flourishing	trend.	In	this	context,	WiMAX, a technology based on the IEEE 802.16 standards, currently 
plays a noteworthy role. Throughout the chapter we survey current literature related to the delivery of 
multimedia data in WiMAX systems and, most importantly, identify research areas in which promising 
improvement opportunities exist. We start by portraying how both market and technical conditions have 
encouraged the adoption of WiMAX, and then, by building upon a fundamentals introduction, we focus 
on issues related to capacity and frame assembly. We also identify relevant aspects related to scheduling 
and mapping between user applications and WiMAX services. We close the chapter with a discussion on 
quality of service in wireless systems and visit the mathematical background of opportunistic scheduling 
for WiMAX.

Copyright © 2009, IGI Global, distributing in print or electronic forms without written permission of IGI Global is prohibited.
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introduction

In recent years, the fields of wireless communi-
cations and broadband access technologies have 
undergone a remarkable growth process. A steady 
increase in the demand for broadband access is 
nowadays perceived as a real necessity, rather 
than a luxury, in developed countries. The growth 
is also considered as a way to sustain emerging 
nations’ telecommunication systems (Bouwman 
& Fijnvandraat, 2006). Moreover, a personal 
broadband experience and a need for ubiquitous 
access to multimedia content seem to foster a 
wireless broadband paradigm that materializes 
in the market as fixed and mobile options; the 
former being an appealing alternative to current 
wired technologies, such as DSL, while the latter 
offering both nomadic and mobile capabilities.

WiMAX, which stands for Worldwide Interop-
erability for Microwave Access, is a technology 
that has the potential to breach on the stage of 
wireless broadband communications and at-
tain a prominent position. It builds on the IEEE 
802.16 standards (IEEE, 2004, 2006) and shows 
potentialities to support fixed and mobile deploy-
ments. The case for WiMAX arises from both 
market and technical considerations. Wireless 
based approaches make it easier and more cost-
efficient to connect new customers. Furthermore, 
a high degree of scalability is granted thanks to 
enhancements of physical layer technologies and 
radio resource management techniques.

Numerous WiMAX networks have already 
been deployed all over the world and many oth-
ers are being rolled out in plentiful places. Even 
though the 2004 version of the IEEE standard 
mainly targets a market of residential and com-
mercial fixed subscribers, it has been adopted 
both in emerging markets and, to some extent, in 
developed countries. WiMAX represents a cost-
effective last-mile alternative to wired technolo-
gies. The 2005 version supports mobile nodes and 
could further foster WiMAX adoption. However, 
WiMAX is not a unique option in the market since 

it faces competition from other technologies. In 
particular, HSxPA (High Speed Downlink/Uplink 
Packet Access), Ev-DO (Evolution-Data Opti-
mized), and LTE (Long Term Evolution) could 
be other viable alternatives.

Rather than waiting for yet-to-come, though 
promising, enhanced 3G alternatives, operators 
could decide to concentrate their resources on 
WiMAX. Therefore, standardization issues and 
certification activities assume in this context a 
noteworthy role. The WiMAX Forum, an indus-
try-led organization, promotes and advocates the 
adoption and certification of 802.16 based technol-
ogy. Recently, the forum also proposed WiMAX 
as one of the air interfaces to be included in the 
International Telecommunications Union (ITU) 
IMT-2000 umbrella. The ITU approved such 
request in late 2007 and this will allow WiMAX 
operators to deploy systems in bandwidth already 
available and reserved at a global scale for IMT-
2000 third generation technologies.

The technology built into WiMAX allows for 
efficient transport of non real-time and real-time 
traffic. It is expected that a wide variety of applica-
tions will be deployed on it. Web browsing, voice 
over IP (VoIP), IP television (IPTV) or video on 
demand (VoD) are among them. These applica-
tions will have to be delivered complying with 
specific quality of service (QoS) requirements. 
For instance, WiMAX systems will require low 
losses and delays to assure adequate VoIP qual-
ity or satisfactory user-network-content interac-
tion for IPTV or VoD. The challenge is then the 
incorporation of efficient scheduling algorithms 
as well as enhanced radio resources management 
techniques to satisfy the requirements. 

This chapter builds upon a technical founda-
tion, presented in the next section, to illustrate 
the specific research challenges that the delivery 
of multimedia data over WiMAX poses. We do 
not intend to present a comprehensive view of the 
standard; instead we portray only those aspects 
that are relevant to our discussion. We elaborate 
on the research opportunity that WiMAX pres-
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ents in the area of quality of service for wireless 
channels.

In particular, we focus our discussion on three 
major issues: system capacity, frame construction, 
and scheduling. We discuss how the choice of 
WiMAX services influences system capacity and 
portray relevant issues regarding efficient frame 
construction. Additionally, we surveyed the lit-
erature for scheduling methodologies in WiMAX 
and for a first approach of the mappings between 
user level applications and WiMAX services. We 
conclude the chapter with an in depth discussion 
of opportunistic scheduling, a field from which 
wireless systems are drawing knowledge to en-
hance their performance.

wimaX tecHnology foundations

end-to-end system overview

An efficient deployment of end-to-end services 
over communications networks demands well-
established connectivity guidelines. The WiMAX 
Forum is in charge of advancements in the end-
to-end networking specifications as well as in 
diverse areas such as regulation, certification, 
and roaming. In this section, we will first build 
upon the end-to-end architecture concepts, as they 
provide a comprehensive overview of WiMAX 

as an access technology. Later on, we will depict 
features from the lower layers and discuss research 
related issues for transporting real-time traffic.

WiMAX’s connectivity architecture is speci-
fied by the Network Working Group (NWG) of 
the WiMAX Forum in a network reference model 
(NRM) (Andrews, Ghosh, & Muhamed, 2007). 
The architecture has three major components: 
the mobile stations, an access service network 
(ASN) and a connectivity service network (CSN). 
Low mobility stations can also be referred to as 
subscriber stations. The model components and 
an example of their interconnection are illustrated 
in Figure 1. 

In the model, an ASN contains WiMAX’s 
base stations and gateways. Base stations control 
communications with mobile or fixed users, while 
gateways coordinate mobile access to the radio 
network. The CSN provides IP functionalities 
to subscribers and connectivity to IP networks. 
Each of the components of the NRM consti-
tutes a logical entity, which in practice may be 
implemented in one or more physical network 
components. We have, intentionally, left out some 
logical connections and illustrated a basic case in 
which mobile stations have to access one ASN. In 
practical implementations multiple ASN would be 
implemented; however, the concepts illustrated 
in Figure 1 still hold.

Figure 1. WiMAX Forum network reference model
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Physical and medium access layers

WiMAX offers several options of air interfaces. 
We will mention only the basic features of those 
systems based on orthogonal frequency division 
multiple access (OFDMA), a choice favored in 
current implementations. OFDMA systems can 
not only operate with large delay spreads, giv-
ing WiMAX the ability to counter the multipath 
fading nature of the channel, but they allow for 
a better exploitation of the bandwidth among 
multiple users. Several choices of system band-
width are specified in the standard, all located in 
the region between 2 and 11 GHz (IEEE, 2004; 
IEEE 2005). Andrews et al. (2007) provide an 
intuitive, yet comprehensive, analysis of OFDMA 
in WiMAX.

OFDMA systems allow resource sharing by 
subdividing the available bandwidth into subcar-
riers. These subcarriers can be grouped to create 
subchannels and then assigned to subscribers. 
Numerous choices for subcarrier grouping are 
present in WiMAX: a common one, partial us-
age of subcarriers (PUSC), groups non-adjacent 
subcarriers to form subchannels. Non-adjacent 
subcarriers can provide further immunity against 
frequency selective fading. Such groupings are 
also suited for mobile environments in which 
channel conditions vary rapidly. On the other hand, 
the mode known as band adaptive modulation and 
coding (Band AMC), groups adjacent subcarriers 
into logical bands. Band AMC is suited for static or 
quasi-static environments, as it requires constant 
and swift updates on the channel quality.

Understanding WiMAX QoS mechanisms 
requires a necessary visit to some details at the 
MAC layer. In a QoS context, the MAC layer at a 
base station is in charge of traffic admission and 
enforcement policies, traffic classification, and 
scheduling on both the downlink and the uplink. 
The MAC layer at mobile stations principally 
adheres to the coordination mandated by the base 
station. In the next section we will focus on issues 
that affect system capacity and therefore consti-

tute a basis for traffic admission considerations. 
For classifying and scheduling traffic, WiMAX 
incorporates the concepts of connections, flows, 
and classes; we portray these next.

At the MAC layer, WiMAX provides a 
connection-oriented service in which logical 
connections between mobile stations and base 
stations are distinguished by 16 bit connection 
identifiers (CID). A base station assigns CIDs to 
unidirectional connections; this means that the 
identifiers for uplink and downlink are different. 
The MAC layer is also in charge of mapping data 
to the correct destination based on the CID. A 
mobile station will typically be assigned multiple 
CID’s, a primary one for management purposes 
and one or more secondary ones used to carry 
data connections.

To initiate a data transfer either a mobile 
station or a base station creates a service	flow. 
Independently of who requests the creation, the 
base station is in charge of assigning the flow a 
32-bit service flow identifier (SFID). Each admit-
ted service flow is transported over the air using a 
particular CID. Additionally, any service flow is 
associated with a set of QoS parameters such as 
delay, jitter, or throughput. Service flows with the 
same QoS parameters are grouped into a service 
flow	class. Classes are not defined in the standard; 
their definition is left to the service providers. 
Finally, traffic classification at the MAC layer is 
done based on the provider-defined classes. 

Assuring that QoS requirements are met for 
all service flows that have been admitted in the 
system is also done at the MAC layer. Each flow in 
the system can negotiate, according to a set of QoS 
parameters, a particular scheduling service. Five 
different types of scheduling services are defined 
for WiMAX, each of them providing different type 
of QoS guarantees. The unsolicited grant service 
(UGS) is suited for flows with fixed-sized packets 
arriving at constant rates; it resembles wired line 
provisioning services such as E1 or T1. Addition-
ally, three polling services (PS) are made available 
by the standard. The real-time PS (rtPS) is tailored 
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to support real-time applications with packets 
varying in size since it is guaranteed a periodic 
grant to send information over the channel. The 
non-real-time PS (nrtPS) is similar, but the poll-
ing mechanism in this case does not necessarily 
guarantee mobile stations a timely access to the 
uplink channel. A more flexible option, which 
incorporates features from UGS and PS, is the 
extended real-time PS (ertPS) tailored for applica-
tions with time varying bandwidth requirements. 
The last service is a best effort one, for which no 
guarantees are in place. The interested reader is 
directed to Cicconetti, Lenzini, Mingozzi, and 
Eklund (2006) for a more detailed description of 
the scheduling services and to IEEE (2004) for a 
comprehensive discussion.

deliVering ricH-content data

Influencing Factors in Qos  
Provisioning

Research in the field of QoS for wireless networks 
is extensive. The current approaches considered in 
the literature, for guaranteeing quality in WiMAX, 
are mainly based on well understood scheduling 
techniques coupled with some knowledge of the 
channel conditions. In this section we portray an 
understanding of the system’s capacity, mapping 
of applications to WiMAX scheduling services, 
as well as proposed scheduling mechanisms 
in WiMAX. An understanding of the capacity 
limits of a system and appropriate application 
mappings permit adequate dimensioning and 
hence influences QoS provisioning. Proficient 
scheduler design is also vital for fulfilling quality 
requirements.

system capacity

System capacity is a performance metric that is 
usually studied under numerous scenarios that try 
to capture the dynamics of diverse user locations 

and demands. Basic approaches can be taken to a 
first understanding of the capacity. For example, 
Chung Ng et al. (2005) compute the capacity of 
the system based on the size of the payload area 
of a WiMAX frame. The approach considers a 
single frame duration value and subtracts from 
it the duration of the mandatory overhead. Since 
for particular applications, like VoIP, the packet 
size can be known in advance it is then possible 
to estimate the number of simultaneous voice us-
ers in the system by computing the ratio between 
available space and space required per user. 

To understand the capacity computation devel-
oped by Chung Ng. et al. (2005), let us first illus-
trate the construction of a WiMAX frame at a base 
station. The left part of Figure 2 illustrates how 
the information from different connections is fed 
to a scheduler, which selects data to be sent. Data 
are selected according to previously agreed QoS 
requirements and then assembled into a frame. The 
frame spans several OFDM time symbols and uses 
a particular number of frequency subchannels. 
The right part of Figure 2 shows an example of 
a PUSC frame, which has sections for downlink 
and uplink, called subframes. In the downlink, 
overhead symbols are placed at the beginning 
of the subframe. Symbols for a preamble, frame 
control header (FCH) are placed first, followed 
by downlink (DL MAP) and uplink (UL MAP) 
maps. The maps include control information that 
tell subscriber stations where to find data ad-
dressed to them in the downlink bursts or where 
to place information to be sent in the uplink. The 
payload areas are then filled in with blocks, called 
bursts, which contain the information to be sent 
over the link. WiMAX provides other numerous 
alternatives that result in different variations of 
the frame structure (IEEE, 2004, 2005). 

According to the IEEE standard, one option 
for a PUSC frame in a 10 MHz system is to span 
35 OFDM symbols and 30 subchannels in the 
downlink. One of the OFDM symbols has to 
be used for preambles. Additionally, we need 
to consider that, in PUSC mode, two OFDM 
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symbols are grouped together to form a slot, the 
basic assignment unit. Therefore the remaining 
frame space consists of 34/2 = 17 slots in time by 
30 subchannels in the frequency dimension. If we 
conservatively assume that an additional vertical 
column of slots will be used for overhead, then 
the empty space is a rectangular area of 16 × 30 
= 480 slots. If we desire to fill the frame with 
VoIP packets, say using a G.711 codec, then we 
can compute the maximum number of users per 
frame. For instance, if we assume that all users 
require QPSK modulation (½ coding rate) to 
correctly detect the signal then each G.711 (20 
ms) packet from every user will require 40 slots 
(including overhead) and a maximum of 480/40 
= 12 users could be accommodated in a downlink 
subframe. 

A different, quite formal, approach to system 
capacity computation is presented by Tarhini 
and Chahed (2006). In this study, the blocking 
probability of voice calls in a WiMAX system 
is computed. The system also carries non-real-
time data. In the formulation, each voice call is 
assigned a fixed number of required resources 
(OFDM symbols and subchannels), while the 
resource requirements for non-real-time data 
are elastic. The impact of having both types of 
flow in the system is studied using a continuous 
time Markov chain (CTMC). In this chain, a state 
represents the number of calls of each of the two 

predefined data types in the system. By assum-
ing well-known distributions for call arrivals and 
call duration processes, it is possible to solve the 
system and obtain its steady state distribution. 
The results indicate the blocking probability for 
calls arriving at the system. If a target blocking 
probability is assumed in advance, this system 
capacity approach could be quite useful for sys-
tem designers.

Basic estimations like the one illustrated by 
Chung Ng et al. (2005) or Tarhini and Chahed 
(2006) only provide an approximation to the actual 
capacity. Among other issues, these estimations 
do not take into account peculiarities of the actual 
frame construction process. How effectively the 
frame is constructed impacts the amount of data 
a WiMAX system can carry. 

In the approach shown in Figure 2, the schedul-
ing and frame construction process are not tightly 
coupled. This means that the only information 
being sent between the scheduling and assembly 
functions is the sizes of the blocks to be sent. 
Therefore, the frame assembly process should be 
able to place in a frame all the data it was asked 
to send by the scheduler. This requires a skilful 
assembly process that efficiently places all the 
bursts in a frame; otherwise, QoS requirements 
might not be fulfilled since some data might need 
to wait for the next frame to be constructed and 
fail to comply with a delay requirement. 

Figure 2. Construction and structure of a PUSC frame
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The standard does not mandate any particular 
heuristic to place the bursts inside a WiMAX 
frame. This creates the opportunity for the creation 
of algorithms that return as output efficient ways 
to fill up the subframes. The downlink subframe 
represents a challenge since the mandatory rect-
angular shapes require careful dimensioning to 
avoid misuse of the available space with padding. 
On the other hand, the uplink subframe assembly 
is simpler since bursts are not necessarily rectan-
gular and can be represented by irregular shapes 
that fill up the available space efficiently.

Placing rectangular shapes inside rectangular 
frames is a complex problem thoroughly studied 
over the last decades. Multiple approaches have 
been considered based on a multitude of heuristics 
(Bansal, Lodi, & Sviridenko, 2005; Coffman, 
Garey, Johnson, & Tarjan, 1980). However, no 
approach takes into account all the peculiarities 
of WiMAX, such as freedom to choose dimen-
sions or minimization of padding. For example, 
consider the 40 slot VoIP burst referenced before. 
It can be accommodated in the frame in numerous 
places and in a variety of ways. For instance, to 
enumerate a few choices, in a 2 × 20, 4 × 10 or 
8 × 5 burst. Furthermore, it is also possible that 
some bursts require padding in order to be placed 
in the frame. Consider for example a 37 slot burst. 
A 10 MHZ PUSC frame is not big enough for a 
1 × 37 or a 37 × 1 rectangle. However, this burst 
could be placed in a 3 × 13 rectangle if we allow 
two slots for padding.

As the number of bursts to be placed increases, 
placing all of them in a frame is a non-trivial 
problem especially if there are power constraints. 
The system capacity then depends on how well the 
bursts are placed in the frame. A formal discussion 
on strategies to place rectangles inside frames is 
developed by Coffman et al. (1980). Nevertheless, 
further research is required to develop heuristics 
for WiMAX that minimize the amount of padding 
needed while maximizing the frame’s utilization. 
Frame assembly is still an open research area 
where improvements can be developed.

The different subchannelization modes of 
WiMAX have different system capacities. Afore-
mentioned are the capacity issues regarding the 
PUSC mode. However, the challenges we point 
out apply in similar ways to other modes as well. 
Consider for instance the Band AMC mode of 
WiMAX where the downlink subframe is di-
vided into 12 logical bands. In this mode, each 
subscriber station can specify up to four best 
bands in which it prefers to receive information. 
The base station must then, for each individual 
frame, decide which of the four bands it is going 
to select for each user. 

The base station selection of bands for users 
is formally referenced as an assignment problem. 
In this particular case it constitutes an assign-
ment problem with capacity constraints, since 
each band has fixed capacity. An overview of 
this operating mode is presented in Figure 3. For 
each connection the base station has previous 
knowledge of a set of best bands for each user. 
An arriving packet destined for a particular con-
nection may result in a different burst size, since 
for each band the subscriber station might have 
specified different modulation schemes. The base 
station then needs to consider how to place the 
data to be sent by computing a feasible assignment 
of bursts to bands while still complying with the 
QoS requirements. Throughput can be maximized 
if the base station is able to assign data to the best 
bands of the subscriber stations. To the best of 
our knowledge, algorithmic research in the area 
has not been finalized. However, we can imagine 
that diverse heuristic methods are probably going 
to be needed to compute feasible assignments in 
very short times. 

For either PUSC or band AMC, or other modes 
as well, another aspect that directly impacts system 
capacity is the mapping choice between user ap-
plications and WiMAX scheduling services. For 
example, consider a variable packet rate applica-
tion like VoIP with activity detection. It could be 
mapped to a UGS flow. Such a mapping would 
guarantee service but could waste resources if 
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reservations for frame space are made regardless 
of application activity (Lee, Kwon, & Choo, 2004). 
On the other hand, applications mapped to UGS 
always receive a fixed size periodic grant. For UGS 
mappings, a coarse estimation of system capacity 
is not an elaborate process since the number of 
supported users per frame can be calculated as 
the ratio between the payload frame size and the 
grant size (Cicconnetti et al., 2005). However, 
capacity studies when mappings are made to rtPS 
or nrtPS usually require either simulation studies 
or more elaborate mathematical modeling.

Possible mappings are in the realm of the 
WiMAX Forum and further analysis has been 
looked at elsewhere (Chung Ng, Chang Liew, & 
Chinlon, 2005). In general terms, applications 
having strict timing requirements, like VoIP, could 
be mapped to UGS. VoIP with activity detection 
could be mapped to ertPS and streaming video 
to rtPS. On the other hand applications with very 
loose timing requirements, like file transfers could 
be mapped to nrtPS or, with no requirements like 
Web traffic, to best effort.

Independently of the approach taken to under-
stand system capacity trends in WiMAX, current 
research generally lacks the means to validate 
results. The study by Tarhini and Chahed (2006) 
is a first step towards results validation, but it 
still needs to consider other peculiarities like 
diverse types of traffic flows, frame construction 
or fading in wideband channels. Unfortunately, 
experimental validation of results is, at least for 

now, out of the boundaries of most fundamental 
researchers.

scheduler design

Current literature builds upon a well-established 
research area, scheduler design, to study WiMAX 
system performance. Regardless of the design 
choice, a scheduler should be able to guarantee 
the mandatory QoS service flow parameters 
described in the standard. For example, for UGS 
the maximum sustained rate, maximum latency, 
tolerated jitter and request/transmission policy 
should be guaranteed.

Cicconetti et al. (2006) and Cicconetti et 
al. (2007) propose a using a deficit round robin 
(DRR) scheduler for downlink transmissions at 
the base station. As pointed out by Shreedhar 
and Varghese (1996), a DRR scheme can fairly 
deal with variable size packets while maintaining 
simplicity. Given that a DRR scheduler requires 
knowledge of the packet size at the head of each 
of its queues, it is not suitable for a base station 
for uplink transmissions. Therefore, a weighted 
round robin (WRR) was proposed as an option 
for the uplink (Cicconetti et al., 2006; Cicconetti 
et al., 2007).

Cicconnetti et al. (2006) showed the perfor-
mance of their scheduling choice in an 802.16 
simulated system. Their results explore the 
scheduling mechanism choice and the capacity 
limits of such a system by mainly looking at the 

Figure 3. Band AMC mode
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end-to-end delay and throughput under diverse 
conditions and possible mappings of applications 
to scheduling services. An interesting finding 
is that under their set of assumptions, the nrtPS 
and best effort scheduling services showed no 
statistical differences in terms of average delay 
and throughput in the uplink. This can be ex-
plained by the fact that nrtPS bandwidth grant-
ing system does not guarantee timely grants and 
that bandwidth requests may be processed in a 
contention basis.

Other scheduling approaches have also been 
considered. For instance, Vinay, Sreenivasulu, 
Jayaram, and Das (2006) proposed a hybrid 
algorithm in which earliest due date (EDD) and 
weighted fair queueing (WFQ) are used. These 
approaches require more elaborate control pa-
rameters to function properly. For example, EDD 
requires keeping track of arrival times of packets. 
This complicates a possible implementation.

Unfortunately, current studies do not elaborate 
on a performance analysis of the running time of 
their schemes. Increases in scheduler complexity 
demand more computing power at a base station. 
Given that a base station has to perform a multitude 
of tasks during a short frame time, which would 
typically be 5 ms, such an analysis could provide 
a first approach to implementation feasibility.

A different approach to QoS is taken by Singh 
and Sharma (2006). Here the scheduling is based 
both on linear programming and a heuristic ap-
proach. The authors formulate an integer linear 
program with the goal of minimizing the unsatis-
fied demand after each frame is built. However, 
because of the possibly long time required to 
solve the problem, a heuristic approach is also 
considered. The integer linear program is then 
taken as a reference or optimal solution. The basic 
heuristic proposed by Singh et al. (2006) is quite 
simple and favors connections that can transmit 
the maximum amount of data; therefore other 
fair approaches are also considered. We further 
elaborate on fairness in the next section.

Qos scheduling in wireless  
systems

Extensive work has been done during the last years 
to design transmission and scheduling techniques 
that can address the specific characteristics of the 
wireless medium. One important example of such 
techniques is the link adaptation schemes. It has 
been proved in the literature that a significant in-
crease in performance can be obtained in wireless 
networks if the stations adapt their transmission 
schemes (e.g., modulation, coding rate and power) 
to the instantaneous state of the channel (Nanda, 
Balachandran, & Kumar, 2000). Link adaptation 
techniques are incorporated into the IEEE 802.16e-
2005 standard under the name of AMC (adaptive 
modulation and coding) and allow the stations to 
dynamically negotiate with the base station the 
best transmission scheme to be used.

Another important set of techniques proposed 
in the literature that can enhance the performance 
of wireless systems is the opportunistic schedul-
ers. These schedulers take scheduling decisions 
based on the knowledge of the users’ instanta-
neous channel conditions in order to maximize 
the overall system performance.

In this section we review some of the main 
contributions in the promising area of oppor-
tunistic schedulers and discuss the ways these 
techniques can be applied within the framework 
of the WiMAX technology. Finally, we identify 
mechanisms related to the scheduling function in 
WiMAX, which are left open in the standard but 
can have an important effect on the final perfor-
mance experienced by multimedia services.

opportunistic scheduling

In a system where each user fades in an inde-
pendent way, some users may experience a good 
channel. This is the principle of multi-user di-
versity. The overall system throughput can hence 
be maximized by scheduling every time the user 
experiencing the best channel. Opportunistic 
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schedulers are part of the family of schedulers 
that make use of channel quality information to 
improve system performance.

It is because of two major reasons though, 
that multi-user diversity can not be applied in 
real networks simply as described before. First, 
the channels experienced by different users are 
not statistically identical; indeed they can be 
very different depending on the distance of the 
users with the base station. These differences 
could lead to situations of unfairness, where the 
stations close to the base station consume all the 
bandwidth while the stations far from the base 
station starve. Second, not all the traffic can be 
treated identically. The reason is that different 
applications can have very different QoS require-
ments and hence, must be treated differently by 
the scheduler entity.

Thus, the challenge in the area of opportunistic 
scheduling is to exploit the gains of multi-user 
diversity in order to improve the overall system 
performance while at the same time taking into 
account fairness and user service requirements.

One of the most relevant approaches in this area 
is the proportional fair sharing (PFS) scheduler, 
which was first proposed by Qualcomm for their 
high data rate (HDR) 3G system. This scheduler 
is related to the fairness criteria given by Kelly 
(1997), allocating connections over multiple links 
in the Internet.

The idea of the PFS scheduler is to schedule 
at slot k in a system with N users the user i which 
maximizes the following argument:

,

,

arg max i k

i N i k

r
≤ q

    (1)

Where ri,k represents the achievable throughput 
by user i at time slot k and will depend on the 
instantaneous channel conditions experienced by 
the user, and θi,k represents the average throughput 
that user i has experienced up to slot k. A pos-
sible way to compute θi,k is to use an exponential 
average of parameter 0<ε<1:

, , 1 , ,(1 )i k i k i k i kr I−q = − ε q + ε   (2)

Where Ii,k is the indicator function of the event 
that user i is scheduled at slot k, and the param-
eter ε controls the trade-off between estimating 
throughput (requiring a small value of ε) and the 
ability to track changes in the channel character-
istics (requiring a larger value of ε).

The PFS scheduler can efficiently balance 
fairness and multi-user diversity. On one hand 
fairness is achieved because users that are long 
time without transmitting raise their “value” by 
decreasing their denominator θi,k. On the other 
hand, multi-user diversity is exploited by schedul-
ing before users with a good channel (large ri,k).

Although the PFS scheduler can seem to be 
an ad-hoc method in reality it is not. Kushner and 
Whiting (2004) proved that the PFS scheduler, as 
previously formulated, is actually the schedul-
ing policy that maximizes the following utility 
function:

( ) log i
i

U q = q∑    (3)

The concept of utility has been widely used 
in economics and its application is particularly 
interesting in the case of wireless scheduling. The 
reason is that multiple metrics like fairness among 
connections or the different service requirements 
can be abstracted, through a proper utility func-
tion, into a single utility value representing the 
overall user satisfaction. Thus, by means of the 
utility concept, the problem of scheduling can 
be turned into a maximization problem with 
constraints.

Along these lines many different methods 
have been proposed in the literature that consider 
different utility functions and constraints. As 
an example of illustration of these methods we 
introduce the scheduler proposed by Liu, Chong, 
and Shroff (2001).

Liu et al. (2001) proposed an opportunistic 
scheduler that exploits the time varying channel 
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conditions while at the same time fulfilling certain 
resource allocation constraints. The presented 
idea follows the approach used in the general-
ized processor sharing (GPS) model (Parekh & 
Gallager, 1993), where each user is assigned a 
weight and obtains a share of the common resource 
proportional to its weight.

Instead of explicitly considering weights 
though, in this work each user is assigned a frac-
tion of the channel αi that can be easily obtained 
from the correspondent weight under the GPS 
model, where the fractions assigned to different 
users add to one.

A utility vector ),,( 1 NUUU =
→

 = (U1, ..., UN) is considered 
that represents the utility achieved by each user 
if scheduled in a certain slot. The utility vector is 
obtained in the base station mapping the signal to 
interference and noise ratio (SINR), experienced 
by each user, to a utility value by means of a certain 
utility function that can be different for different 
users. 

→

U  is the input needed by the scheduler in 
order to take the scheduling decision.

In order to derive the optimum scheduling 
policy though, a stochastic representation of 

→

U  
is used, that is, 

→

U  is considered to be a vector of 
random variables. These random variables are 
different for each user because they depend on 
each user particular channel conditions. In addi-
tion, the channel experienced by one user can be 
correlated in time and the channels experienced 
by different users can be cross-correlated.

In this framework, a scheduling policy Q is a 
function that maps a utility vector 

→

U  to the index 
of the user to be scheduled, i. In addition Q is 
said to be feasible if P{Q(

→

U ) = i} = αi , that is, 
the probability of scheduling a certain user is in 
accordance with the time fraction of the channel 
that this user was allocated.

Therefore, the challenge is to find among 
all the feasible scheduling policies the one that 
maximizes the expected value of 

→

U :

)(max
)(

→
Ψ∈ UQQ

UE     (4)

Where Ψ is the set of all the feasible schedul-
ing policies.

Liu et al. (2001) found that the optimum policy, 
as expected, requires some knowledge about the 
channel statistics experienced by each user. In or-
der to estimate the needed parameters, an iterative 
algorithm in the base station was proposed.

The improvements obtained with the previ-
ous opportunistic scheduler against a non-op-
portunistic one, like a round robin scheduler, are 
discussed by Liu et al. (2001). For both schedulers, 
the performance metric evaluated corresponds to 
an abstract utility value obtained from the chan-
nel quality experienced by each user. In order to 
provide a fair comparison between both schedulers 
an equal share of the channel is assigned to each 
user in the case of the opportunistic scheduler. 
The results show that gains ranging from a 20% 
up to a 150% can be obtained with the opportu-
nistic scheduler.

We now need to discuss if the described op-
portunistic techniques can fulfill the requirements 
of the multimedia services that WiMAX systems 
are expected to deliver. The first requirement to 
implement opportunistic techniques is to have in 
the base station a quick feedback of the channel 
experienced by the stations. In this respect, the 
802.16e-2005 standard offers multiple methods 
to report and estimate channel quality.

Different mechanisms are available depending 
on whether it is the uplink channel quality or the 
downlink channel quality that have to be esti-
mated. In the uplink direction, the base station can 
sense the received quality of the pilots inserted in 
the stations’ transmissions. Regarding the quality 
received by the stations in the downlink, the base 
station can assign the stations a special channel 
for channel quality reports (CQICH).

A much simpler channel quality tracking, 
which could suffice in the case of the PFS sched-
uler, is to make the base station aware of the link 
adaptation algorithm used in the stations. In this 
way, the base station can know at any time what 
is the modulation and coding scheme used in the 
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station and can therefore estimate the effective 
rate per unit of resource that can be achieved by 
each station. The previous information is always 
available in a WiMAX base station because it is 
mandatory for the stations to negotiate with the 
base station every time they want to update their 
transmission scheme.

Another interesting problem arises when the 
opportunistic schedulers are to be applied in a 
WiMAX system. The reason is that most of the 
opportunistic schemes have been conceived for 
TDMA systems, where a single user has to be 
scheduled at a time. This case though will not be 
the general rule in WiMAX systems, where the 
OFDMA technology allows scheduling multiple 
users across the time and frequency domains in 
each WiMAX frame. The previous argument also 
applies when MIMO systems (also supported in 
WiMAX) are considered, where the multiplicity 
of resources comes now in the form of multiple 
antennas.

Thus, when multiple resources are to be shared 
simultaneously among different users one can not 
simply apply the TDMA opportunistic methods 
to each resource separately. The reason is that 
independent scheduling for each resource requires 
a partition of the users among resources, which 
should be proved to be optimal. At the same time 
it does not contemplate the possibility of assigning 
multiple resources to a single user that could turn 
in some cases into a better performance. Some 
work in the direction of extending the proportional 
fair sharing scheduler when multiple resources 
are available was developed by Kushner et al. 
(2004).

Another issue that limits the applicability of the 
opportunistic techniques to WiMAX systems is 
the variety of QoS requirements that the technol-
ogy should be able to accommodate. As it has been 
described in the previous sections, five different 
scheduling services are defined in WiMAX. The 
services can accommodate multimedia data with 
very different QoS requirements; from completely 
inelastic applications that can be served by UGS, 

to elastic applications that can be transported over 
best effort services. All have to be seamlessly 
supported within the WiMAX system.

When opportunistic techniques are applied to a 
broad variety of QoS classes, realistic utility func-
tions per each QoS class are needed. In order to 
obtain such utility functions, extensive subjective 
surveys have to be performed. Jian, Ge, and Li 
(2005) developed utility functions for best effort 
applications based on real survey data. 

The previous arguments seem to indicate that 
most real implementations will become hybrid 
solutions, where the classes having stringent 
QoS requirements will be scheduled with priority 
regardless of their channel conditions. The multi-
user diversity gain would be obtained from more 
elastic applications like best effort.

future trends

There are numerous research related open issues 
in the WiMAX arena. Several can be identified 
in fields related to scheduling. For instance, there 
is a need for effective algorithms to schedule 
service to UGS flows only when they are not idle. 
We found that such algorithms would require a 
comprehensive understanding of not only system 
capacity, but of admission control. Furthermore, 
for the ertPS service, where it is possible to dy-
namically adjust bandwidth granted to a station, 
efficient cross-layer techniques are needed to make 
the MAC layer aware of the optimum adjustments 
depending on the state of the applications. For 
rtPS flows it is necessary to understand how to 
find optimum polling intervals that do not waste 
resources in the uplink.

For nrtPS, intelligent algorithms in the stations 
are needed to efficiently balance the generation 
of bandwidth requests between the periodically 
granted request opportunities and the contention-
based bandwidth requests. An optimal tune by the 
base station of the contention zone in the WiMAX 
frame that minimizes the collision probability is 
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another challenge that requires attention. Regard-
ing best effort, even though no guarantees have 
to be provided to applications transported over it, 
fairness among them is a key issue to consider. 
The lack of guarantees in the case of the best ef-
fort services opens the door to smart algorithms 
able to exploit multi-user diversity.

In combination with WiMAX it is possible 
to use other technologies, like Wi-Fi, to jointly 
deploy end-to-end data services. In this case, a 
mobile station would both WiMAX subscriber 
station and Wi-Fi access point functionalities. 
In these cases it is necessary to research efficient 
mapping mechanisms. For instance, VoIP traffic 
coming from several users in a Wi-Fi cell could be 
mapped to either one aggregate ertPS connection 
or individual ones. The implications of each case 
on management overhead, capacity, and QoS are 
yet to be explored.

conclusion

Current research has focused its efforts on diverse 
issues like system capacity or QoS provisioning. 
Throughout the chapter we have identified key 
findings of such studies and elaborated on the 
implications in other areas not widely considered 
so far, such as frame assembly in the PUSC and 
Band AMC modes of operation. We also discussed 
how implementations related issues, such as the 
running time of scheduling algorithms, have not 
been explored. The results from numerous QoS 
related studies have yet to consider the running 
time limitations imposed by the processing power 
at a base station.

Frame assembly is a process that has not been 
fully studied in current literature. It is possible to 
extend computer science studies in the bin packing 
arena to WiMAX frame construction. However, 
peculiarities of WiMAX, such as freedom in 
burst dimensions or padding minimization, have 
to be considered.

From our discussions we found that current 
research shows that WiMAX scheduling services 
provide powerful mechanisms for the delivery 
of multimedia data. Polling services have been 
shown to be adequate for the transport of real-
time data under simplified conditions. It is still 
necessary to understand the behavior of WiMAX 
systems in other conditions such as in space-
time multiplexed environments. Given that the 
WiMAX standards leave unspecified the sched-
uler design, which is the functional block that 
incorporates the scheduling services, it is possible 
for designers to differentiate their systems with 
efficient scheduling mechanisms.

The current unavailability of experimental 
data provides the opportunity for the creation of 
queueing models that take into account detailed 
system characterization and allow validation of 
results. Wireless channel conditions also need 
to be considered. Modeling of frame level er-
ror processes for OFDMA wideband channels 
has not been extensively explored. As we have 
stated throughout the chapter, numerous exciting 
opportunities exist for research in multimedia 
WiMAX.
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key terms

Burst: In WiMAX, an arrangement of OFD-
MA symbols and frequency subchannels that 
carry MAC protocol data units using a particular 
modulation and coding scheme.

Quality of Service: A set of characteristics 
of a networking service that can be interpreted 
as representatives of its quality.

Scheduling: A plan or strategy followed to 
service jobs arriving at a system.

Subchannel: In WiMAX, a grouping of sub-
carriers frequencies. Subchannels are the most 
basic allocation unit in the frequency dimension 
inside a WiMAX frame. 

Slot: In WiMAX, the fundamental atomic 
tile used to build information placed within a 
subframe. 

Scheduling Service: In WiMAX a set of 
services offered at the MAC layer to handle ar-
riving MAC protocol data units with different 
QoS requirements.

WiMAX: A broadband wireless access tech-
nology based on the IEEE 802.16-2004 and IEEE 
802.16e-2005 standards.




