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ABSTRACT

This paper introduces admission control policies for WiMAX networks, which aim to reach three main goals: restrict the
number of simultaneous connections in the system so that the resources available for the uplink scheduler are sufficient
to guarantee the quality-of-service requirements for each connection, support the service provider expectations by maxi-
mizing the revenue, and maximize user satisfaction by granting additional resources. The optimal solution to meet these
goals is non-deterministic polynomial-time hard and therefore cannot be solved in acceptable polynomial time. For this
reason, both optimal and polynomial time heuristic solutions are introduced. Simulation experiments are used to evaluate
and compare the proposed policies. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Admission control mechanisms regulate the traffic load
in the network so that the scheduler can furnish the
bandwidth required by each connection. In IEEE 802.16
networks [1], often referred to as WiMAX networks,
users request the establishment of a new connection by
informing the desired type of service, along with a set of
quality-of-service (QoS) requirements. Such service dif-
ferentiation can result in users over-requesting resources
to maximize their individual satisfaction. One effective
way of encouraging users to choose the service that is
most appropriate for their needs is through network pric-
ing. Therefore, integrating pricing and admission control
(AC) is an attractive alternative for service providers not
only from an economic perspective but also from that of
resources management.

This paper proposes various policies for AC in IEEE
802.16 networks, which were designed to maximize both
service provider and user satisfaction. The proposed
policies have the following goals: (1) to restrict the num-
ber of simultaneous uplink connections in order to avoid
saturation of the uplink channel; (2) to meet service
provider expectations by maximizing network revenue; and
(3) to maximize user satisfaction (called utility in this
paper) by providing resources beyond those required in the
admission process.

The first AC policy presented in this paper is the
simplest one, because it attains only the first goal. The
decision strategy for the admission of new connections
consists of guaranteeing that the sum of the minimum
rate requirements of all accepted connections does not
surpass the available capacity. This strategy guarantees
that the resources available to the scheduler are suf-
ficient to provide the bandwidth requirements for all
accepted connections.

The second and third policies attain the first two goals.
The second policy finds the optimal solution for the
problem of admission of new connections and revenue
maximization using integer linear programming (ILP),
whereas the third uses a greedy approach to provide an
easier-to-implement solution for the same problem.

The fourth and fifth policies attain all three goals. The
fourth policy uses mixed ILP (MILP) formulation, and
the fifth employs a heuristic algorithm to find solutions
for the problem of admission of new connections and
maximization of both revenue and utility.

Most AC solutions for IEEE 802.16 networks available
in the literature [2–5] consider only minimum rate require-
ments in the decision process. The policies introduced in
this paper differ from existing ones by the accountabil-
ity of the overhead generated by the type of service being
solicited, such as the overhead incurred by the bandwidth
request mechanism specified in the IEEE 802.16 standard
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for real-time and non-real-time services. This strategy
leads to more precise estimates of the amount of resources
that should be allocated for each admission decision.

Although Chandra and Sahoo [6] consider the over-
head of different types of service, their mechanism does
not include the extended real-time polling service (ertPS)
and it does not provide methods for the maximization of
revenue and utility, which are important in the success-
ful deployment of IEEE 802.16 networks on a commercial
scale. Rong et al. [7] proposed a policy for revenue, utility,
and fairness maximization. However, they assume that all
connections using the same type of service have the same
minimum traffic rate requirements, which does not comply
with the IEEE 802.16 standards. The policies introduced in
this paper do not make such assumption.

To the best of the authors’ knowledge, this is the first
paper to propose standard-compliant AC policies for rev-
enue and utility maximization for IEEE 802.16 networks.
This paper is a revised version of [8] containing enhanced
mathematical formulation and numerical examples. The
rest of this paper is organized as follows. Section 2
discusses related work. Sections 3 to 7 present the AC
policies proposed in this paper. Section 8 describes the
simulation environment used to evaluate these five poli-
cies. Section 9 presents numerical results and Section 10
concludes the paper.

2. RELATED WORK

Various proposals have been made for AC and pricing inte-
gration [9–14] as well as AC mechanisms for the maxi-
mization of utility/user satisfaction [15–18]. However, few
address such issues in IEEE 802.16 networks.

Antonopoulos and Verikoukis [19] introduced an AC
mechanism for the IEEE 802.16 standard, which provides
higher priority for voice over IP (VoIP) calls than for other
types of traffic in the network. When arrival rates of unso-
licited grant service (UGS) connections are high, a UGS
request is accepted if the total available bandwidth (BWT)
is sufficient to serve the incoming connection. In the case
of ertPS, real-time polling service (rtPS), and non-real-time
polling service (nrtPS) connections, restricted bandwidth
is provided (BWT � BWR). Requests of best effort (BE)
connections are always accepted. The portion of reserved
bandwidth for UGS connections (BWR) is dynamically
adjusted according to the traffic intensity of the VoIP calls.

Yu et al. [20] introduced a statistical AC mechanism
based on the complete sharing algorithm, which takes into
account the overflow probability caused in the variability
of the traffic and in the channel state of IEEE 802.16 net-
works. Connections transmitting variable bit rate traffic are
accepted only if the requested bandwidth plus the variance
of this requested bandwidth can be provided. In the for-
mulation of the problem, the total bandwidth required by
all accepted connections is assumed to follow a Gaussian
distribution, which, according to the authors, involves a
Gaussian process approximation that is limited.

Rong et al. [7] developed a utility-constrained and
fairness-constrained optimal revenue AC policy as well as
its corresponding approximation algorithm. Utility maxi-
mization consists of maximizing the amount of bandwidth
allocated to the users, whereas fairness maximization con-
sists of maintaining the blocking probabilities of all traffic
classes relatively uniform. Nevertheless, the solution pro-
posed in this paper is not standard-compliant, because it
assumes that all connections using the same type of service
have the same minimum traffic rate requirement.

The AC policies introduced in the following sections
are standard-compliant and allow revenue and utility
maximization while being simple to implement. Stan-
dard compliance and implementation complexity are major
constraints when designing AC mechanisms for WiMAX
networks [21].

3. STANDARD-COMPLIANT
ADMISSION CONTROL POLICY

In this policy, the AC decision considers only the minimum
rate requirement defined in the IEEE 802.16 standard. It
accepts a new connection when the following condition
is satisfied:

.Creserved C TRij � C/ (1)

where TRij is the traffic rate that should be guaranteed
for the new connection j of service type i ; Creserved is
the capacity reserved for the existing connections, which is
equal to

P4
iD1

Pni
jD1 TRij ; and C is the capacity avail-

able for the uplink scheduler, that is, the amount of uplink
bandwidth that the scheduler can allocate for data and
bandwidth request transmissions.

A connection requesting admission informs, among
other parameters, its minimum reserved traffic rate require-
ment (minTRij ). However, this rate is not sufficient for
the connection when the overhead generated by the type
of service flow being solicited is considered. Therefore,
instead of considering only the minimum reserved traffic
rate requirement, the TRij value also includes an esti-
mation of the bandwidth overhead generated by service
flow i .

According to the IEEE 802.16 standard, UGS and ertPS
connections receive grants at intervals defined by the
unsolicited grant interval (ugi ) parameter. The grant size
for UGS connections is fixed, based on the maximum
sustained traffic rate of the service flow (which is equal
to the minimum reserved traffic rate for this service).
Although the size of the grants allocated to ertPS con-
nections varies according to the amount of requested
bandwidth, the minimum size that should be guaranteed is
based on the minimum reserved traffic rate. In this way,
for both types of service flow, the base station should
guarantee grants with size equal to grantSizeij , where

grantSizeij DminTRij � ugiij (2)
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Equation (2) gives the grant size in bytes. However,
grants are awarded in slots; thus, the number of slots
assigned to a connection j approximates the smallest
integer larger than or equal to grantSizeij =slotSize.
This normalization may result in bandwidth waste when
grantSizeij is not a multiple of the number of bytes that
can be transmitted in a single time slot (slotSize).
Consequently, the rate that will be used by an UGS
(ertPS) connection can be larger than the maximum
sustained traffic rate (minimum reserved traffic rate)
requirement. To account for this overhead, the value
of TRij for UGS and ertPS connections is computed
as follows:

TRij D

l
grantSizeij
slotSize

m
� slotSize

ugiij C tjij
(3)

In Equation (3), the value of
l
grantSizeij
slotSize

m
gives the

grant size in slots. Grants should be provided in intervals
lasting ugiij with the maximum jitter tjij (defined by the
parameter tolerated jitter). Multiplying the grant size in
slots by the size of a single slot in bytes and dividing this
value by the sum ugsij C tjij gives the minimum rate that
should be guaranteed for either UGS or ertPS connections.

In addition to the minimum reserved traffic rate, rtPS
and nrtPS connections also need periodic grants to request
bandwidth (unicast polling) [1]. The rate that should be
guaranteed for these connections is equal to the sum of the
minTRij requirement and the rate used by unicast polling
as follows:

TRij DminTRij C
upSlots � slotSize

upiij
(4)

where upSlots is the number of slots used by unicast
polling and upiij is the value provided by the unso-
licited polling interval parameter. nrtPS connections do not
provide this upiij parameter; however, according to the
standard, this interval can be chosen by the base station.

Best effort connections are always accepted, because no
QoS requirements are involved.

4. OPTIMAL ADMISSION
CONTROL POLICY FOR
REVENUE MAXIMIZATION

The AC policy presented in this section extends the one
presented in Section 3 so that provider revenue can be
maximized.

As for the previous policy, before admitting a new con-
nection, the AC verifies whether the minimum rate require-
ment of the new connection can be guaranteed without
affecting the QoS provided for the connections already
admitted into the network. The overhead incurred by each
type of service is also considered.

To maximize the revenue, the admission controller needs
to collect all admissions requested during a certain time

interval in order to decide which connections should be
accepted. An optimal policy is expected to choose the
set of connections, which provides the greatest revenue
subject to network capacity. This problem can be reduced
to the Stochastic Knapsack problem [22] by mapping the
network capacity for the knapsack as well as the mini-
mum rate required by each connection for the size of each
object that should be placed in the knapsack. The opti-
mization problem is modelled as an ILP problem in the
following way:

max
X4

iD1

Xni

jDmiC1
xij riminTRij

Subject to:

xij D 1 8i 2 f1; 2; 3; 4g 8j 2 f1; : : : ; mi g .R1/

xij 2 f0; 1g8i 2 f1; 2; 3; 4g 8j 2 fmi C 1; : : : ; ni g .R2/
X4

iD1

Xni

jD1
xij .minTRij C –i /� C .R3/

where

� ni is the total number of service-i connections
(existing connections plus new connections soliciting
admission);

� mi is the number of existing service-i connections;
� minTRij is the minimum traffic rate requirement for

the connection j , where i is the type of service and j
is the connection ID;

� –i is the overhead incurred by service i , such that
minTRij C –i D TRij , where TRij is the minimum
rate that should be allocated to connection j given by
Equation (3) for UGS and ertPS connections and by
Equation (4) for rtPS and nrtPS connections;

� ri is the revenue rate of a service-i connection;
� xij is the variable used to indicate whether a new

connection should be admitted;
� C is the capacity available for the uplink scheduler.

In the proposed formulation, i varies from 1 to 4 to
designate UGS, ertPS, rtPS, and nrtPS connections. The
revenue obtained from the admission of a new connec-
tion is given by the function ri � minTRij . According
to this function, the greater the minimum rate required by
the connection, the greater is the price the user has to pay
for the service and, therefore, the greater is the revenue
obtained from the admission of that connection. In this
way, providers can guarantee price fairness among users
of the same type of service, because the asked price is pro-
portional to the minimum rate requirement. Restriction R1
stipulates that xij is equal to 1 if j is an existing con-
nection. Restriction R2 determines that the value of the
variable xij should be either 0 or 1 for new connections.
A connection j is rejected when xij D 0 and accepted
when xij D 1. Restriction R3 guarantees that the sum of
the resources reserved for all connections does not surpass
the capacity available for the uplink scheduler.
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Since this problem can be reduced to the Stochastic
Knapsack problem, which is known to be non-deterministic
polynomial-time hard, it is unlikely that it can be solved in
polynomial time. The next section introduces a computa-
tionally feasible solution to be implemented in WiMAX
networks.

5. HEURISTIC FOR
REVENUE MAXIMIZATION

The AC policy presented in this section uses a greedy
approach to maximize the revenue. As for the policy intro-
duced in Section 4, in the greedy approach, admission
decisions are made in pre-defined intervals. Connections
are admitted in decreasing order on the basis of revenue
provided by each connection.

The Algorithm MaxRevenueAC presents the steps
executed at every admission interval in order to decide
which connections will be accepted. Admission requests
sent by new connections are stored in a buffer. In the first
step, the algorithm computes a revenue value for each new
connection using the revenue function ri �minTRij . Next,
pending requests are sorted in decreasing order of poten-
tial revenue. In the following steps, the algorithm uses
Equation (1) to decide which connections will be accepted,
starting with the first element in the sorted buffer.

Next, the complexity of the proposed solution is
investigated. Let l be the number of new connections
requesting admission. There are O.l/ iterations in the
algorithm; moreover, the operation in line 3 requires an
average of O.l log l/ sorting time when sorting methods
such as quick-sort are used (with worst case proportional
to l2). Therefore, the complexity of the MaxRevenueAC
algorithm is O.l log l/.

6. OPTIMAL ADMISSION CONTROL
POLICY FOR REVENUE AND
UTILITY MAXIMIZATION

The AC policy proposed in this section attempts to max-
imize network revenue and utility. For service providers,

revenue is a primary concern, whereas from the perspec-
tive of the users, the best AC policy is the one that
can achieve maximum utility or, equivalently, maximum
transmission rate.

The optimal revenue and utility strategy is introduced
in the context of IEEE 802.16 networks as follows.
Let ri denote the revenue rate of a service-i connection.
The revenue obtained with the admission of a new con-
nection j is equivalent to the minimum rate requested
by j and is given by the function ri � minTRij . In the
same way, let ui denote the utility rate of a service-i
connection. The utility gain function is then defined as
ui � ext raTRij , where ext raTRij is the extra rate,
beyond the requested minimum, to be allocated to con-
nection j . The value of ext raTRij cannot surpass the
difference maxTRij � minTRij , to prevent violation of
the maximum rate requirement (maxTRij ).

In order to maximize the revenue, the admission con-
troller should collect requests during a given time inter-
val to decide which ones should be accepted. For utility
maximization, for each admission interval, the admission
controller should decide which connections, either new
or existing ones, should be granted additional resources.
This optimization problem can be formulated as an MILP
problem as follows.

max

4X
iD1

niX
jDmiC1

xij riminTRijC

4X
iD1

niX
jD1

uiext raTRij

Subject to W

xij D 1 8i 2 f1; 2; 3; 4g 8j 2 f1; : : : ; mi g .R1/

xij 2 f0; 1g8i 2 f1; 2; 3; 4g8j 2 fmi C 1; : : : ; ni g .R2/

0� ext raTRij �maxTRij �minTRij

8i 2 f1; 2; 3; 4g e 8j 2 f1; : : : ; mi g .R3/

0� ext raTRij � .maxTRij �minTRij /xij

8i 2 f1; 2; 3; 4g e 8j 2 fmi C 1; : : : ; ni g .R4/

X4

iD1

Xni

jD1
xij .minTRijC –iC ext raTRij /�C.R5/

where

� ni is the total number of service-i connections
(existing connections plus new connections soliciting
admission);

� mi is the number of existing service-i connections;
� minTRij is the minimum traffic rate requirement for

the connection j , where i is the type of service and j
is the connection ID;

� maxTRij is the maximum traffic rate requirement for
the connection j ;

� –i is the overhead incurred by service i , such that
minTRij C –i D TRij , where TRij is the minimum
rate that should be allocated to connection j given by
Equation (3) for UGS and ertPS connections and by
Equation (4) for rtPS and nrtPS connections;
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� ext raTRij is the additional rate, beyond the mini-
mum rate requirement, which will be allocated to the
connection j ;

� ri is the revenue rate of a service-i connection;
� ui is the utility rate of a service-i connection;
� xij is the variable used to indicate whether or not a

new connection should be admitted;
� C is the capacity available for the uplink scheduler.

In the proposed formulation, i varies from 1 to 4 to des-
ignate UGS, ertPS, rtPS, and nrtPS connections. Restric-
tion R1 stipulates that xij is equal to 1 if j is an existing
connection. Restriction R2 determines that the value of
the variable xij should be either 0 or 1 for new connec-
tions, with connection j being rejected when xij D 0 and
accepted when xij D 1. Restriction R3 guarantees that the
extra rate (ext raTRij ) allocated for an existing connec-
tion does not violate its maximum rate requirement. The
amount of extra resources allocated to existing connections
is updated at each admission interval in order to adapt it
to the network dynamics. Restriction R4 guarantees that
the extra rate allocated to a new connection is zero when
the connection is rejected and that it does not violate the
maximum rate requirement when the connection is admit-
ted. It is important to note that this policy never allocates
extra resources to UGS connections, because the minimum
and maximum rate requirements are the same for this type
of service. Restriction R5 guarantees that the sum of the
resources reserved to all connections does not surpass the
capacity available for the uplink scheduler.

The problem presented in this section is at least as hard
as the the problem introduced in Section 4, because it
requires satisfaction of additional constraints. Therefore,
it is also unlikely that this AC policy can be optimally
solved in polynomial time. The next section presents an
algorithm to solve the AC problem for revenue and utility
maximization in polynomial time.

7. HEURISTIC FOR REVENUE AND
UTILITY MAXIMIZATION

The AC policy introduced in this section uses a heuristic to
maximize both revenue and utility. As does the policy pro-
posed in the previous section, this algorithm decides which
connections should be admitted, as well as the amount of
extra resources that should be reserved for both new and
existing connections.

The algorithm is based on both cost and benefit of a
decision. The benefit gained from the acceptance of a new
connection j is equal to the sum of the revenue and the util-
ity gain provided by it (ri �minTRij Cui � ext raTRij ).
The cost of admitting a connection is equal to the amount
of resources that should be reserved (TRij C ext raTRij ).
Connections with demands that can be met are admitted
in decreasing order in relation to the associated rewards
(given by the ratio between the benefit and the cost).

For existing connections, the algorithm decides on the
amount of extra resources that should be allocated to

maximize utility. The benefits gained by allocating extra
resources for an existing connection j is equal to ui �
ext raTRij , whereas the cost is ext raTRij . If the reward
obtained by allocating extra resources for an existing con-
nection is greater than that obtained by the admission of
a new connection, the new connection is rejected and the
existing connection receives extra resources.

The Algorithm MaxRevenueUtilityAC presents the steps
taken at the beginning of each admission interval. First, the
algorithm calculates the reward provided by new connec-
tions with values of TRij less than the available capacity
and by existing connections not using the UGS service.
New connections requesting more bandwidth than the
available capacity are rejected, while existing UGS con-
nections are not considered because they will not receive
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additional resources. To calculate the values of benefit and
cost, it is necessary to define the amount of extra resources
to be allocated for each connection (ext raTRij ). The
algorithm sets ext raTRij to the maximum value possible.
For new connections, this value is equal to the mini-
mum between the available capacity after the connection is
accepted (Cavailable�TRij ) and the difference between the
minimum and maximum rate requirements (maxTRij �
minTRij ). For existing connections, the maximum value
for ext raTRij is equal to the minimum between the avail-
able capacity and the difference between the minimum and
maximum rate requirements.

In the second step, the algorithm selects the connec-
tions providing the highest reward values. Whenever a con-
nection is selected, the available capacity is updated by
subtracting TRij C ext raTRij from Cavailable, for a new
connection, or ext raTRij , for an existing connection.
When the available capacity is less than the amount that
should be reserved for a selected connection, the algorithm
returns to the first step to recalculate the ext raTRij values
as well as the reward values for the remaining connections.
The algorithm finishes when no available capacity remains
or when all admission and allocation decisions have
been taken.

Next, the complexity of the proposed solution is ana-
lyzed. Let n be the number of existing connections plus
new connections soliciting admission. First, there areO.n/
iterations (lines 2–19) to calculate the reward value of each
connection. Next, the sorting operation requires an aver-
age of O.n logn/ sorting time. Finally, there are O.n/
iterations to decide which connections should be admit-
ted as well as the allocation of extra resources, which, in
the worst case scenario, may require the algorithm to go
back to step 2 and recalculate the reward values. Therefore,
the complexity of the MaxRevenueUtilityAC algorithm
is O.n2 logn/.

8. SIMULATION EXPERIMENTS

To conduct this study, an ns-2 module for IEEE 802.16
networks, developed by the authors and publicly available,
was used [23].

The simulated network consisted of a base station, with
the subscriber stations uniformly distributed around it.
The frame duration was 1 ms, and the capacity of the
channel was 40 Mbps, assuming a 1:1 downlink-to-uplink
time division duplex (TDD) split. Five different types of
traffic were considered: voice, voice with silence sup-
pression, video, File Transfer Protocol (FTP), and Web,
which are associated with UGS, ertPS, rtPS, nrtPS, and BE
services, respectively.

The voice model used was an exponential ‘on/off’
model with mean duration of the ‘on’ and of the ‘off’
periods equal to 1.2 and 1.8 s, respectively. During the
‘on’ periods, 66-byte packets are generated every 20 ms
[24]. The voice with silence suppression model used
the Enhanced Variable Rate Codec [25], with packets

generated every 20 ms employing Rate 1 (171 bits/packet),
Rate 1/2 (80 bits/packet), Rate 1/4 (40 bits/packet), or
Rate 1/8 (16 bits/packet). Video traffic was generated by
10 different real MPEG traces [26]. The WEB traffic was
modeled by a hybrid Lognormal/Pareto distribution, with
the body of the distribution corresponding to an area of
0.88 modeled by a Lognormal distribution with a mean
of 7247 bytes and the tail modeled by a Pareto distri-
bution with mean of 10 558 bytes [27]. FTP traffic was
generated using an exponential distribution with a mean
of 512 KBytes.

The unsolicited grant interval for the UGS and for the
ertPS service was 20 ms. The unsolicited polling interval
for the rtPS service was 20 ms and for the nrtPS service
was 1 s.

Each rtPS connection had its own minimum reserved
traffic rate and maximum sustained traffic rate require-
ments, which varied according to the mean transmission
rate of the video. The nrtPS service had a minimum
reserved traffic rate requirement of 200 Kbps and a max-
imum sustained traffic rate requirement of 300 Kbps. The
BE service did not have any QoS requirement.

The revenue rates were set as follows: 4 for the UGS ser-
vice, 3 for the rtPS service, 2 for the ertPS service, and 1
for the nrtPS service. The same values were used for the
utility rates, except that for the UGS service, which had
utility rate set to 0, because connections using this type of
service do not receive extra resources.

The lifetime of connections were exponentially dis-
tributed, with an average of 600 s for rtPS connections
and 300 s for UGS, ertPS, and nrtPS connections. The
connection arrival rates were governed by an exponential
distribution with the mean varying from 60 to 2 s for each
type of service. In this way, under the lowest load, an aver-
age of one connection of each type of service arrived per
minute, whereas under the highest load, an average of 30
connections of each type of service arrived per minute.

Each result was produced by running the simulation 10
times using different seeds. The mean values and the 95%
confidence intervals are shown in the figures.

9. NUMERICAL RESULTS

In this section, the policies proposed in Sections 3 to 7
are, respectively, referred as Simple AC, Optimal Max
Revenue AC, Heuristic Max Revenue AC, Optimal Max
Revenue and Utility AC, and Heuristic Max Revenue and
Utility AC.

The proposed AC policies were tested in conjunction
with the uplink scheduler proposed by the authors in [28]
to evaluate their ability to support the scheduling mecha-
nism in the provisioning of QoS. The uplink scheduler is
able to guarantee the minimum traffic rate and maximum
latency requirements when the network is not overloaded.
For the simulation experiments carried out in this paper, the
scheduler was adapted to perform the allocation of spare
resources according to the decisions of the Optimal Max
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Revenue and Utility AC, and Heuristic Max Revenue and
Utility AC policies.

Figure 1 presents the blocking probability values for
the proposed policies. When the network is overloaded,
the Heuristic Max Revenue AC policy gives the highest
blocking probabilities. For those scenarios, the difference
between the blocking probabilities obtained with the opti-
mal policy and the heuristic for revenue maximization can
reach 13%. The Heuristic Max Revenue AC policy selects
the connections to be admitted based on the decreasing
order of revenue values associated with each connection.
rtPS connections provide the greatest revenue values (com-
puted as ri � minTRij ), because this service is associ-
ated with one of the highest rate of revenue return and
due to the highest minimum rate requirement values; thus,
the Heuristic Max Revenue AC policy accepts the high-
est number of rtPS connections. On the other hand, rtPS
connections consume large amounts of resources, which
results in high blocking probabilities for the UGS, ertPS,
and nrtPS services, which explains the results in Figure 1.

Both the optimal policy and the heuristic for revenue and
utility maximization provide identical values of blocking
probability with both achieving the highest values when
the arrival rate is five connections of each type of service
per minute. Whereas the other three policies admit a high
percentage of the requesting connections due to the low
load in the network, the Optimal Max Revenue and Utility
AC, and the Heuristic Max Revenue and Utility AC poli-
cies, which maximize the utility, reject a greater number
of ertPS and nrtPS connections than do the other policies,
due to the provision of larger amounts of bandwidth for
admitted connections.

By separately analyzing the blocking probabilities of
each type of service, it is possible to identify significant
differences among them. Some types of service have more
connections accepted than others to allow the AC policy
to meet its goal. Figure 2, for example, presents the block-
ing probability for UGS connections. This type of service
has the lowest blocking probability for all the proposed
AC policies. The policies that maximize revenue and utility
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Figure 1. Blocking probability.
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Figure 2. Lowest blocking probability for proposed AC policies.

 1e+07

 2e+07

 3e+07

 4e+07

 5e+07

 6e+07

0 5 10 15 20 25 30

R
ev

en
ue

Connections/minute for each type of service

Simple AC
Optimal Max Revenue AC

Heuristic Max Revenue AC
Optimal Max Revenue & Utility AC

Heuristic Max Revenue & Utility AC

Figure 3. Revenue from Simple AC, Optimal AC, and Heuristic
AC policies.

accept all UGS connections independent of the connection
arrival rate.

These results show how policies with different goals
may affect users of different types of service differently.
When the network is overloaded, a service provider may
wish to promote balanced blocking in order to avoid dis-
parities between users of different types of service, even if,
as a consequence, revenue is reduced. Such a policy can be
accomplished by extending the proposed policies in order
to minimize the difference between blocking probability
values of the different types of service.

Figure 3 presents the accumulated revenue gain result-
ing from the proposed policies. As expected, the Simple
AC policy generates the least revenue, because it is not
concerned with such maximization. Moreover, because this
policy considers only the minimum traffic rate requirement
for the admission decisions, revenue values tend to sta-
bilize as the network becomes overloaded. The greatest
revenue with this policy is observed when the connections
arrival rate is of five connections of each type of service per
minute. In this scenario, as a result of the low load, the AC
policy is able to admit the highest number of rtPS connec-
tions, which, as previously explained, provide the highest
revenue values.
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Both the optimal policy and the heuristic for revenue
maximization produce similar revenue values. For scenar-
ios with arrival rates of 10, 15, and 20 connections of each
type of service per minute, the Heuristic Max Revenue
AC policy yields slightly higher average revenue values
than does the optimal approach. The solutions provided by
the Optimal Max Revenue AC policy are locally optimal
for each admission interval. However, local optimization
methods do not guarantee a global maximum on the long
run, so the decisions made by the heuristic at each admis-
sion interval led to higher average revenue values than the
optimal approach in some scenarios.

The revenue obtained by the Heuristic Max Revenue and
Utility AC policy is close to that produced by the optimal
approach, regardless of the connection arrival rate; how-
ever, on average, the Optimal Max Revenue and Utility
AC policy produces greater revenue than does the heuristic.
Moreover, Figure 4 shows that the heuristic yields higher
utility gain than does the optimal approach. These results
can be explained by the fact that, although both policies
produce similar blocking, the optimal approach admits an
average of 1% to 2% more rtPS connections than does the
heuristic algorithm. By admitting fewer rtPS connections,
the Heuristic Max Revenue and Utility AC policy produces
less revenue values than does the optimal approach, but it
is able to allocate additional resources for the connections
admitted leading to greater utility gains.

For both policies, the utility gain decreases as the arrival
rate of connections increases. When the amount of avail-
able bandwidth is restricted, the admission of a new UGS
connection is more profitable than allocating additional
resources to the existing connections. According to the val-
ues configured for the revenue and the utility gains, the
admission of a new UGS connection provides a gain of
4 units for each Kbps of minimum reserved traffic rate,
whereas allocating additional resources for an rtPS con-
nection provides a gain of 3 units for each Kbps of extra
bandwidth. For the scenario where the connections arrival
rate is of 1 connection per minute for each type of service,
the number of admitted connections is low and, given the
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Figure 4. Utility of Optimal AC and Heuristic AC policies.

restriction on maximum rate, the AC policies are not able
to allocate all the available bandwidth leading to a low gain
in utility.

Latency values were collected for the UGS and the ertPS
connections in order to check whether they receive the peri-
odic grants specified by the standard. As can be seen in
Figures 5 and 6, fluctuations on the latency values arising
from load variation are in the order of a few milliseconds
(note the small scale of the y-axis ), which indicates that
the scheduler was able to allocate the expected periodic
grants for UGS and ertPS connections.

Results were also obtained to verify whether or not the
average latency of the rtPS connections violated the max-
imum latency requirement. Figure 7 shows that the max-
imum latency requirement of 100 ms was guaranteed in
all the simulated scenarios. Because the Simple AC policy
does not maximize revenue, it blocks a large number of
rtPS connections, thus leading to lower latency values than
those obtained by the use of the other policies.

Furthermore, throughput values were verified to deter-
mine whether the minimum traffic rate requirements of
rtPS and nrtPS connections were guaranteed.
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Figure 5. Average latency for unsolicited grant service
connections.
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Figure 8. Average throughput of real-time polling service
connections transmitting the Ice Age video.

Figure 8 shows the average offered rate as well as
the throughput of the rtPS connections transmitting the
Ice Age video. The minimum traffic rate requirement of
200 Kbps and the maximum traffic rate requirement of
300 Kbps were respected regardless of network load and
AC policy being used.

The average throughput of nrtPS connections occurs in
the interval defined by the requirement of the minimum
traffic rate and the maximum traffic rates, as shown in
Figure 9. Although the nrtPS flows were configured to
generate an average rate equal to the maximum sustained
traffic rate, the joint effect of control of maximum rate
by the scheduler and TCP congestion control resulted in
the offering load of less than 300 Kbps. The interaction
between the scheduling mechanism and the TCP conges-
tion control mechanism will be investigated in the future
so that resource underutilization can be avoided. When the
Simple AC policy was employed, all the nrtPS traffic gen-
erated by the upper layers was served at the MAC layer
in all the simulated scenarios; consequently, the through-
put of the nrtPS connections, measured at the MAC layer,
was a little higher than the offered load, measured at the
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Figure 9. Average throughput of non-real-time polling service
connections.

transport layer, because of additional load incurred by both
MAC and network layer headers.

These simulation results show that the proposed poli-
cies are able to avoid saturation of the wireless channel
so that the resources available to the uplink scheduler
are sufficient to guarantee the QoS requirements of each
admitted connection.

10. CONCLUSIONS

This paper introduced AC policies for IEEE 802.16 net-
works. The proposed policies restrict the number of simul-
taneous uplink connections in the system so that resources
available to the uplink scheduler are sufficient to guarantee
the QoS requirements of the connections. Moreover, these
policies support the service provider and the users expec-
tations by maximizing the network revenue as well as the
network utility.

Five AC policies have been presented. First, a standard-
compliant and easy-to-implement solution was introduced,
it served as a basis for the development of the optimization
policies. Two policies for the maximization of the revenue
were proposed, one formulated as an ILP problem and the
other one as a heuristic. Moreover, two other AC policies
were introduced for revenue and utility maximization. The
first one of these was formulated as an MILP problem,
whereas the second used a heuristic.

Simulation results show that the proposed policies are
able to fulfil the expectation of service provider and users
as well as to support the scheduling mechanism for QoS
provisioning as specified by the IEEE 802.16 standard. A
service provider interested only in the standard function-
alities of IEEE 802.16 networks could use the simplest
proposed policy, which does not optimize revenue and util-
ity, to provide the required QoS. In the case the service
provider also wishes to maximize expectations, the heuris-
tic proposed to maximize revenue and utility is an attrac-
tive option, because it has lower complexity than the opti-
mal policy and it provides near-optimal solutions. In fact,
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in order to service providers sustain their competitiveness
in the marketplace, revenue and utility are key points to
be considered.
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