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INTRODUCTION
Orthogonal frequency-division multiple access
(OFDMA) is a physical layer specification for
IEEE 802.16 [1] fixed wireless metropolitan area
networks (WMANs), which is later extended to
support combined fixed and mobile subscriber
stations (SSs) in IEEE 802.16e [2]. These specifi-
cations support non-line-of-sight (NLOS) opera-
tion in the 2–11 GHz bands. Furthermore, the
corresponding medium access layers support
mesh networking as an option in addition to the
required point-to-multipoint (PMP) topology. In
the mesh topology, an SS can be directly con-
nected to another SS and/or to the base station
(BS), and it can route traffic on behalf of anoth-
er SS by acting as a relay station. Both OFDMA
and mesh topology offer very attractive solutions
in providing high performance and flexible
deployment for fixed and mobile broadband
wireless access. However, NLOS and SS mobility
exacerbate channel impairments due to path
loss, shadowing and multipath fading, so that it
is critical to design efficient methods to combat
these impairments and to develop effective
resource allocation solutions that exploit mesh
mode operations.

OFDMA builds on orthogonal frequency-
division multiplexing (OFDM), which is immune
to intersymbol interference and frequency selec-
tive fading, as it divides the frequency band into

a group of mutually orthogonal subcarriers, each
having a much lower bandwidth than the coher-
ence bandwidth of the channel. In multi-user
environments, OFDMA provides another degree
of freedom by allowing dynamic assignment of
subcarriers to different users at different time
instances, to take advantage of the fact that at
any time instance channel responses are differ-
ent for different users at different subcarrier fre-
quencies. Thus, dynamic subcarrier assignments
(DSA) to multiple users can be employed to
improve the system data rate. Since the achiev-
able data rate is a function of the power alloca-
tion (i.e., the data rate increases with transmit
power and vice versa), it is expected that adap-
tive power allocation (APA) can further improve
the system data rate. DSA and APA have attract-
ed considerable research interests  [3, 4, refer-
ences therein].

In OFDMA systems, mesh topology allows
each SS to have many more options in choosing
relays from neighboring SSs. Compared to PMP
topology, multihop routing (MHR) over a mesh
topology allows SSs to exploit more reliable
channels at lower transmission costs. This is
because even if the channel condition between
an SS and the BS is bad, the channel condition
between the SS and one of its neighboring SSs
may be good, and the SS may successfully route
its traffic via the neighbor SS at a relatively
lower cost than the BS. The opportunities for
lower transmission costs by MHR increase with
the node density in the network. This effect
causes the system capacity to increase with the
number of nodes, and is commonly referred as
multi-user diversity or user cooperation diversity.
Also, an SS may choose more than one neigh-
boring SSs for multipath routing, which increases
the reliability of packet delivery over error-prone
wireless channels at the expense of increased
consumption of network resources. In general,
the additional flexibility that mesh topology
brings to an OFDMA system makes resource
allocation problems more complex, resulting in
new and interesting research topics in the area
of resource allocation [5].

The extension of fixed WMANs to serve
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mobile SSs in 802.16e [2] provides new chal-
lenges and opportunities in different resource
allocation problems. A mobile SS experiences
significant channel variations over the duration
of its connection; therefore, an efficient DSA is
even more critical for system performance than
for a static assignment. Furthermore, mobility
results in handoffs that need to be taken into
account in efficient call admission control (CAC)
and capacity planning (CP) solutions.

In mesh networks, the CAC problem is made
more interesting by the option of setting up a
new connection or handing off an ongoing con-
nection to/from an SS via some neighboring SS,
in the situation where the channel condition to
the BS is not good. This optional multihop rout-
ing of connections can improve the utilization of
network resources as well as the overall energy
efficiency of all SSs, ultimately improving the
quality of service (QoS). Furthermore, in sys-
tems where a large fraction of users experience
group mobility, which is commonly observed in
mass transportation systems (e.g., bus or train),
the bulk arrivals of handoff requests have a high-
ly nonstationary characteristic that degrades traf-
fic performance from that of a stationary system
with the same offered traffic. Thus, it is desir-
able to develop advanced techniques for CAC
and CP that will not lower system utilization in
the presence of group mobility.

In this article we discuss four closely related
resource allocation problems in OFDMA
WMANs: DSA, APA, CAC, and CP. We briefly
introduce a simple but practical linear-integer-
programming-based DSA formulated by a maxi-
mal bipartite matching problem and review a
few solution techniques. Furthermore, we pre-
sent some guidelines for CP in the presence of
group mobility in OFDMA networks. We report
some preliminary results, identify open prob-
lems, and provide directions for future research.

This article is organized as follows. The next
section presents the structure and properties of
IEEE 802.16 OFDMA WMANs and the rela-
tionships between different resource allocation
problems. We discuss DSA and APA problems,
their solutions, and some open problems. We
present the CP and CAC problems with several
open research issues. We then conclude the arti-
cle.

STRUCTURE AND PROPERTIES OF
OFDMA WMANS

NETWORK STRUCTURE OF IEEE 802.16 WMANS

IEEE 802.16 [1] specifies the physical and medi-
um access control layer structures and protocols
for WMANs with support for PMP and optional
mesh modes. In the PMP mode (Fig. 1a), the
network has a cellular structure where each cell
has a central BS that routes traffic between SSs
located within the cell and the global network.
In contrast, in the mesh mode (Fig. 1b), traffic
can be routed through other SSs acting as relay
stations by means of MHR, or exchanged direct-
ly between SSs. Within a mesh WMAN, a node
that has a direct connection to the backhaul net-
work outside the mesh WMAN is termed a mesh

BS. All the other nodes of a mesh WMAN are
termed mesh SSs (MSSs). There are two possi-
ble network structures in the mesh mode: full
mesh and infrastructure mesh. In full mesh,
MSSs communicate only with each other by
MHR and they do not have access to any back-
haul network. In the infrastructure mesh, access
to a backhaul network is provided through one
or more mesh BSs that act as mesh routers
(MRs). In Fig. 1b MSSs numbered 3, 5, and 6
form a full mesh network in which these three
nodes communicate among themselves without
any access to the backhaul network, while MSSs
numbered 1, 2, 4, and 6 form an infrastructure
mesh network with node 0 acting as the mesh BS
or MR to provide access to the backhaul net-
work on behalf of other MSSs.

RESOURCE ALLOCATION
The model shown in Fig. 1 also depicts different
resource allocation problems for WMANs: CP,
CAC, DSA, and APA. These resource allocation
problems are related to different timescales and
different granularity levels in terms of the
resources being allocated. CP is a static opti-
mization problem that allocates the overall
bandwidth capacity for each BS or each link
based on long-term traffic statistics. Solutions
are usually computed offline and have the
longest time horizon in terms of validity com-
pared to other resource allocation problems.
CAC decisions are made at the call or connec-
tion level, to allocate bandwidth to new connec-
tions based on the available capacity determined
from CP. Thus, CAC is performed online in real
time, and the decision epochs have a medium
time horizon (i.e., the next call arrival or depar-
ture). Finally, DSA/APA allocates carrier/power
on a per frame or burst level for the admitted
connections. Therefore, DSA/APA solutions
have the shortest time horizon in terms of their
validity, and the corresponding algorithms and
processes should operate online in real time.
Hence, efficient dynamic control is most impor-
tant for DSA/APA. This model also contains
feedback from the CAC block to the CP block in
order to tune the latter with the help of real-
time admission statistics. Moreover, the sched-
uler and power control blocks rely on real-time
channel statistics from the physical layer.

In the PMP mode, the BS plays a central role
in resource allocation. In this mode CAC and
DSAs/APAs are closely related as admission of a
new call requires updates in subcarrier and
power allocations to accommodate the require-
ments of the new and existing calls. Also, a por-
tion of subcarrier and power resources may be
held in reserve for handoff calls to provide them
with the higher call-level QoS commonly
required for user satisfaction.

In the mesh mode resource allocation can be
fully distributed, fully centralized, or a combina-
tion of both. In general, resource allocation in
mesh mode is more complex and requires coor-
dination between multiple nodes. The mesh
mode not only retains the relationships between
different resource allocation problems of PMP
mode but also imposes more complicated depen-
dencies between them. In mesh mode DSA can
be implemented with or without frequency reuse.

There are two possible
network structures in
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mesh and 
infrastructure mesh.
In full mesh, MSS’s

communicate only
with each other by
MHR and they do

not have access to
any backhaul 

network. In the
infrastructure mesh,

access to a backhaul
network is provided

through one or more
mesh BSs that act

as mesh routers.

ALI LAYOUT  2/1/07  12:28 PM  Page 7

           



IEEE Wireless Communications • February 20078

DSA with spatial frequency reuse will increase
overall capacity. Furthermore, intelligent APA
may cause less interference in neighboring cells,
thus increasing capacity. MHR via neighboring
MSSs can improve performance and capacity at
the expense of increased latency.

SCHEDULING IN OFDMA: SUBCARRIER
ASSIGNMENT AND POWER ALLOCATION

OPTIMIZATION-THEORETIC STUDIES

Most optimization-theoretic approaches to solve
the DSA and APA problems assume continuous
data rates and an infinite number of subcarriers
in the OFDMA system (e.g., [3]). These ideal
conditions render the DSA and APA problems
tractable and enable the system data rate to be
maximized through a greedy algorithm. In the
case of greedy assignments, a subcarrier is
assigned to only one user that has the maximum
channel gain on that subcarrier. However, this
trivial solution is highly unfair because some
users close to the BS can monopolize all the sub-

carriers while other users starve, not receiving
any assignment. Thus, it is desirable that the
DSA problem should have fairness constraints
on individual users’ performance, or the objec-
tive function should be designed so that it implic-
itly enforces some fairness among users, as in [3,
5]. In general, the problem can be formulated as
the minimization of the overall transmit power
under fairness constraints on users’ data rates or
the maximization of a particular fairness criteri-
on. Where the problem is convex, the solution is
straightforward. However, in most cases, since
the actual problem is combinatorial in nature, it
is attractive to use efficient heuristic solution
techniques.

The role of APA is to allocate power levels
on the respective subcarriers so that the data
rate is maximized subject to a certain constraint
on the transmit power. The solution of this prob-
lem can be found using the Lagrange multiplier
technique, even though the problem is combina-
torial or non-convex. According to the solution,
more power is allocated when the channel gain
is high and vice versa. This solution algorithm is
popularly known as water-filling. The joint DSA

n Figure 1. A reference model of interfaces between units responsible for resource allocation: a) point-to-
multipoint network; b) multihop network (with mesh mode support).
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and APA solution determines subcarrier and
power allocations to maximize system perfor-
mance. In principle, allocating different power
levels to individual subcarriers should improve
performance. However, previous studies [3, 6]
have shown that performance improvements are
marginal over a wide range of signal-to-noise
ratios (SNRs) due to the statistical effects.
Therefore, a simpler solution involving DSA
with equal power per subcarrier is preferred
over a more complex joint DSA and APA solu-
tion.

PRACTICAL SCHEMES
Practical systems like IEEE 802.16 WMANs
have a finite number of subcarriers and discrete
data rates, which do not satisfy the ideal assump-
tions that enable optimization-theoretic solu-
tions. Therefore, such solutions only provide
guidelines on how a real-time suboptimal solu-
tion can be obtained. In the following we give an
outline of the problem structure for a practical
system.

Consider a system with N subcarriers, K users,
and M discrete data rates, where a higher data
rate is used when a higher SNR is realized.
Thus, the joint DSA and APA algorithm will
minimize the overall transmit power and contain
three dimensional binary decision variables.
APA does not significantly improve system per-
formance [3, 6]; therefore, we can reduce the
decision variables by one dimension by assuming
that power is equally distributed among all allo-
cated subcarriers. The resulting problem is
aimed at maximizing the overall system data
rate. Let rk,n denote the resulting best data rate
for the kth user on the nth subcarrier, and R be
the corresponding matrix with K × N entries.
The Hungarian method can be used to solve this
new assignment problem if matrix R becomes a
square matrix. In general, K ≤ N; therefore, R is
not a square matrix. However, if the minimum
data rate constraint for each user can be
expressed in terms of an integer number of sub-
carriers, R can easily be converted into a square
matrix of dimension N × N by repeating rows in
R. The resulting problem formulation, with deci-
sion variable γk,n ∈{0, 1}, is as follows:

(1)

The above problem is known as a maximal
bipartite matching problem [7] where users and
subcarriers form two disjoint sets of vertices of a
graph. Every edge of the graph has one endpoint
in the users set and the other endpoint in the
subcarriers set, and a weight that represents the
achievable data rate. The objective is to find a
mapping between subcarriers and users such that
only one edge connects two graph nodes, and
the sum of weights is maximum for all selected
edges.

The Hungarian method transforms the prob-
lem in Eq. 1 into a combinatorial optimization
problem, and solves it in O(N3). There are sever-
al less complex heuristic methods that iteratively
solve this problem. For example, for a fully con-
nected bipartite graph, [7] gives an iterative solu-
tion that finds the maximum element in the
augmented matrix R at every iteration, assigns
an available subcarrier to the corresponding
user, and removes the associated row-column
pair from future selection. This procedure is
repeated until all the subcarriers are assigned.

To compare this iterative heuristic method
with the Hungarian method, we perform a sim-
ple simulation for an OFDMA system with 240
subcarriers. Scheduling is performed every frame
based on the SNR levels of all users on all sub-
carriers. Table 1 lists the OFDMA WMAN [2]
modulation and coding parameters for different
levels of SNR (ηl) and corresponding data rates
(rl) for l = 1, …, 7. For comparison purposes, we
consider the average uncoded data rate (mea-
sured in megabits per second) as a performance
metric.

In the simulation we construct the matrix R
using continuously varied rk,n values based on
the instantaneous SNR values by expressing data
rate as a piece-wise linear continuous function of
SNR using the points defined in Table 1. The
reason for considering continuous data rates is
to avoid ties in solving problem in Eq. 1. The
continuous SNR values are mutually indepen-
dent exponential random variables with mean
values uniformly distributed between [0, 16] dB.
After finding the optimal subcarrier allocations
through the solution of Eq. 1, we map the SNR
values to discrete data rates through a step func-
tion. A generic SNR value x maps to a data rate
level rl in Table 1 if ηl ≤ x < ηl+1 where ηl+1 =
∞ for l = 7.

Figure 2 compares the average data rates
achieved by the Hungarian and iterative heuris-
tic methods at various user populations. The fig-
ure shows that although its complexity is only
O(N), the iterative heuristic method has only
slightly inferior performance to the Hungarian
method, which has a complexity of O(N3). More
sophisticated iterative heuristics can achieve per-
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n Table 1. Modulation and coding parameters for IEEE 802.16 WMANS.

Level
(l)

Modulation
(coding rate)

Information
bytes/OFDM
symbol

Rate at 5 MHz
(Mb/s) (rl)

Required
SNR (dB) (ηl)

1 QPSK (1/2) 24 4.03 5

2 QPSK (3/4) 36 6.04 8

3 16-QAM (1/2) 48 8.06 10.5

4 16-QAM (3/4) 72 12.09 14

5 64-QAM (1/2) 72 12.09 16

6 64-QAM (2/3) 96 16.12 18

7 64-QAM (3/4) 108 18.14 20
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formance comparable to that of the Hungarian
method.

OPEN PROBLEMS
Most published studies on DSA are based on
single-cell scenarios where channels are assigned
irrespective of users’ physical locations. Howev-
er, three particular properties of OFDMA mesh
networks should be considered. First, OFDMA
subcarriers are susceptible to interference from
neighboring cells. This interference is significant
at the cell boundary for the full intercell fre-
quency reuse case. Thus, DSA and APA should
take this factor into account. Second, MHR pro-
vides an opportunity to reduce intercell interfer-
ence as shown in Fig. 3, where BS A can reduce
its transmit power and hence the interference to
neighboring cells if it routes traffic to MSS b via
MSS a instead of directly, since MSS a is closer
to BS A than MSS b. Although interference
reduction in this case is at the expense of a slight
increase in delivery delay, MHR is an attractive
solution for delay-tolerant traffic. Also, by free-
ing resources at the BS, the multihop DSA can
improve some other QoS metrics (e.g., new con-
nection blocking and handoff dropping probabil-
ities). Third, intracell spatial frequency reuse
(i.e., the same subcarrier assigned to users who
are sufficiently far apart within a cell) can
increase the overall capacity of mesh mode.

Initial results of multihop DSA in mesh with-
out intracell frequency reuse have been reported
in [5]. Each mesh BS gathers resource requests
from all the MSSs within a certain hop range. It
determines the amount of granted resources for
each link within the area under its control and
communicates these grants to all the MSSs with-
in the hop range. The grant messages contain
parameters for predetermined algorithms that
are run by the MSSs to compute their individual
schedules.

Several open problems remain to be
addressed pertaining to application of DSA and
APA in mesh networks, whether full mesh or
infrastructure mesh.

Multihop frequency reuse: Even in practical
cellular networks that do have a regular hexago-
nal topology, frequency reuse is an NP-hard
problem commonly solved by graph coloring. In
multihop networks the frequency reuse issue in
channel allocation is much more difficult and
therefore challenging. This is largely because
alternate MSSs can be selected as relays in
MHR, so the actual network topology depends
on the routing decisions. Therefore, developing
reliable architectures as well as efficient tech-
niques for frequency reuse is an interesting
future item (e.g., [8] considers frequency reuse
for wireless LANs). Whereas APA does not sig-
nificantly improve system performance in PMP
mode, in mesh mode APA could play an impor-
tant role in (efficient) spatial reuse of frequency
between MSS-to-MSS links by lowering interfer-
ence to the neighborhood. This possibility will
need further investigation.

Overhead and scalability of centralized
scheduling: If a central scheduler is employed in
a mesh network, many network resources will be
consumed by the signaling overhead to provide
local status to the central controller in a timely
manner. This overhead as well as the computa-
tional load of the central scheduler grow with
network size, making centralized scheduling not
scalable. Thus, it is preferred to adopt scalable
distributed scheduling techniques so that the
network can experience lower signaling and
scheduling burdens [5]. Developing reliable dis-
tributed architectures and algorithms for such
scalable networks is attracting much research
interest.

QoS and fairness for multiple service classes:
As the major service shifts from voice to multi-
media, the scheduler needs to account for the
diverse bandwidth, link quality, and delay
requirements of different classes of service.
Thus, it is increasingly challenging to come up
with computationally efficient scheduling mecha-
nisms for mesh networks that maintain fairness
for different users while maximizing network uti-
lization.

CONNECTION ADMISSION CONTROL AND
CAPACITY PLANNING

CONNECTION ADMISSION CONTROL

In cellular wireless networks the utilization of
system resources by new calls is often kept below
a threshold level to accommodate handoff con-
nections because service providers are obligated
to provide a minimum QoS to subscribers even
as they aim to maximize bandwidth utilization.
Thus, when a mobile SS engaged in a call is
handed off to a new cell, it may receive a higher
priority for channel allocation by the new BS
than new calls originating in the cell. Even with
resource reservation, connections can still be
dropped due to fluctuations in the received
SNRs at the mobile SSs, especially for those
located near the edges of cells. In the case of
OFDMA mesh WMANs, CAC becomes inter-
esting due to the possibility of setting up a new
connection or handing off an ongoing connec-
tion to/from an MSS via some neighboring MSS.

IEEE Wireless Communications • February 200710

n Figure 2. Comparison of the Hungarian method with an iterative heuristic
[7] to solve the bipartite graph matching problem.

Number of users
100

15

15.5A
ve

ra
ge

 u
nc

od
ed

 d
at

a 
ra

te
 (

M
b/

s)

16

16.5

17

17.5

18

18.5

20 30 40 50 60 70 80

Hungarian
Iterative heuristic

ALI LAYOUT  2/1/07  12:28 PM  Page 10

                  



IEEE Wireless Communications • February 2007 11

In MHR, when a relay MSS moves closer to the
BS, the connection can be further handed off
from the relay MSS to the BS. The use of MHR
can improve both resource utilization and QoS.
MHR is known to reduce overall power utiliza-
tion in the system, although efficient channel
allocation remains to be addressed. The QoS
improves because the improved efficiency of
resource utilization increases the capability of
call accommodation.

CAC for OFDMA WMANs has recently
started to receive increasing attention among
researchers. In [9] the authors studied two CAC
schemes for such networks. One scheme sets a
threshold level on the number of ongoing con-
nections. A new connection is accepted as long
as the total number of connections after admis-
sion does not exceed the threshold level. The
second CAC scheme admits a connection with a
certain probability based on the queue status. In
[10] the authors proposed a framework for joint
CAC, DSA, and MHR in OFDMA mesh net-
works. The framework supports QoS constraints,
such as average delay and packet dropping prob-
ability. According to this framework, a new con-
nection request submits its QoS requirements to
the nearest BS. The nearest (originating) BS
sends connection initiation requests to BSs along
possible paths of the connection. These BSs
schedule subcarrier assignment for the new con-
nection in a distributed fashion and send allocat-
ed channel information back to the originating
BS. The originating BS estimates the end-to-end
delay, and if it satisfies the required QoS metric,
the BS grants the connection.

CAPACITY PLANNING
In general, capacity planning is intended to
dimension network resources based on long-
term traffic demands to satisfy call-level QoS
requirements, such as connection blocking prob-
ability and handoff dropping probability. There
are several issues that must be considered in
capacity planning of an OFDMA system: the
effect of group mobility users on QoS, the effect
of fluctuation in channel gains on QoS, and the
like. In classical network dimensioning studies,
handoff arrival processes have commonly been
simplified as stationary or piecewise stationary
processes (e.g., Markov modulated Poisson pro-
cess, MMPP [11]). In addition, the MMPP
model, which gives a more accurate representa-
tion of the nonstationary nature of handoff
arrivals, has been shown to yield call blocking/
dropping probabilities comparable to modeling
handoff arrivals by a Poisson process. However,
these models are not sufficient to characterize
the nature of bulk arrivals, which are commonly
observed in mass transportation systems in which
handoffs from a group of active users may occur
at the same time. Even though MMPP more
closely reflects the nonstationary nature of an
arrival process, by nature it is a counting process
that cannot have more than one arrival in a
given epoch [11].

In addition, in OFDMA systems it is also
necessary to take into account the fluctuation of
channel gains that affects the actual transmit
rates users can experience. Because of the ran-
domness of user mobility behavior, the average

channel gain of a targeted group of users (in
short, the average channel gain) in a wireless
network changes over time, causing the average
SNR of the user group to continuously fluctuate.
Since the maximum achievable transmit rate is
bounded by the SNR, ongoing connections may
experience outage events; furthermore, the out-
age probability (defined later) increases with the
number of connections admitted in the system.
Therefore, it is necessary to take the fluctuating
nature of SNR into account when performing
CP. Several different optimization criteria have
been used for CP, such as the average connec-
tion blocking probability, average delay, and uti-
lization of bandwidth resources.

Several issues on CP in OFDMA are dis-
cussed in [12]. On one hand, evaluation of
admission capacity without considering the
degrading effect of group mobility users may
produce results that are too optimistic. On the
other hand, it is clear that CP based on group
mobility analysis overestimates QoS. In general,
dropping an ongoing call causes more unfavor-
able impacts on user satisfaction than blocking a
new call. Although service providers would pre-
fer to increase bandwidth utilization by opti-
mistically admitting more calls, they are obliged
to provide a minimum QoS to users, which
means limiting the probabilities of call dropping
and call blocking events. Various resource reser-
vation or call queuing methods have been pro-
posed to address these requirements. Therefore,
CP must take into account these call-level QoS
requirements as well as the mobility patterns of
users, which affect the rate of handoff call
arrivals. As group mobility could result in a large
increase in handoff arrivals over a short time
period, the possible adverse impacts of group

n Figure 3. The advantage of multihop routing in reducing interference to
neighboring cells.
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mobility users must be properly taken into
account in CP.

In this section we discuss one method of
capacity planning for group mobility users pre-
sented in [12]. There are various types of CP
formulations. The CP can be formulated as an
optimization problem where the objective is to
minimize the outage probability on ongoing con-
nections subject to the constraint that the excess
idle capacity ratio is not greater than a certain
bound. The outage probability is defined as the
average fraction of the total number of connec-
tions suffering from outages over a specific time-
frame, whereas the idle capacity ratio is defined
as the average fraction of the available capacity
that is not utilized by user connections over the
same time frame.

Let PO(y)and PS(y) denote the outage proba-
bility and idle capacity ratio, respectively. Both
of these are functions of nonnegative integer y
which represents the number of connections. Let
ζS be the upper bound on the idle capacity ratio.
Thus, CP solves the following problem:

minimize PO(y)
subject to PS(y) ≤ ζS. (2)

Given that the outage probability is strictly
increasing and the idle capacity ratio is strictly
decreasing with respect to the number of active
connections, the optimal solution of the above
problem is given by

yO* = PS
–1(ζS), (3)

where x is the smallest integer not less than x.
Figure 4 shows the admission capacities vs. the
desired idle capacity ratio for different levels of
desired bit error rate (BER). The admission
capacity decreases when BER decreases and
when the targeted idle capacity ratio increases.
The admission capacity increases approximately
linearly with the decrease in desired idle capacity
ratio (logarithm scale applied in the figure). It is
observed that the differences between admission
capacities at different values of BER decreases
when the idle capacity ratio increases.

OPEN PROBLEMS

The CAC and CP problems in OFDMA mesh
WMANs are attracting increasing attention.
There are several open problems in these areas.
Most notably, the impact on CAC and CP when
MHR is used to support handoff connections by
relaying through intermediate SSs has not been
extensively studied. It has been found that MHR
can increase the cell capacity, and the improved
capacity can contribute to QoS improvements
(e.g., reducing connection dropping and new
connection blocking probabilities) at the expense
of slight increases in end-to-end delays. Further-
more, the negative impact of bulk arrivals on CP
can also be alleviated by applying MHR. It is
also interesting to develop realistic traffic arrival
models for these networks that take into account
individual and group mobility of users as well as
network- and user-centric QoS provisioning
techniques.

CONCLUSION

This article has addressed four types of interre-
lated resource allocation problems in OFDMA
WMANs: dynamic subcarrier allocation, adap-
tive power allocation, connection admission
control, and capacity planning. Addressing all
of these problems is crucial for the successful
evolution of fixed and mobile WMANs. The
dynamic subcarrier assignment problem is com-
binatorial in nature, and cannot be solved exact-
ly for realistic problem instances, thus
necessitating the development of efficient
heuristics to generate near-optimal or subopti-
mal solutions in real time. Under certain condi-
tions, dynamic subcarrier assignment can be
formulated as a maximal bipartite matching
problem, in which a polynomial-time algorithm,
known as the Hungarian method, gives the
optimal solution when modulation and coding
levels are known. Although adaptive power
allocation does not significantly improve the
performance of cellular OFDMA systems, its
application in mesh OFDMA WMANs can be
potentially beneficial due to reduced interfer-
ence at the cell edges and multiple available
relays, and therefore merits further investiga-
tion. Admission control with priority to handoff
connections can benefit from multihopping
routing and needs to be further studied. For
capacity planning, we have considered the
group mobility scenario where handoffs follow
bulk arrival processes. Capacity planning in a
mesh network taking mobility into account
remains a challenge.
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