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VO I C E O V E R WIRELESS LOCAL AREA NETWORK

INTRODUCTION
The simplicity of connection and the low cost of
wireless local area network (WLAN) cards have
led to a large diffusion of devices provided with
WLAN connectivity, especially based on the
IEEE 802.11b standard. In this article we refer
interchangeably to WLANs and IEEE 802.11b-
based networks, using the distributed coordina-
tion function (DCF). WLAN connectivity, at
first limited to laptops, is now migrating toward
palmtops and even mobile phones. Following
such a diffusion of WLAN devices, the number
of hotspots is also rapidly increasing, and the
services offered are going to cover a broad set of
applications.

Although WLAN systems have mainly been
designed to carry best effort traffic, it is expected
that such systems will soon be required to also
carry many types of audio, video, and multime-
dia traffic. In particular, voice over Internet Pro-
tocol (VoIP) [1] is gaining relevance in the
wireless environment, opening the way to the
appealing voice over WLAN (VoWLAN) sce-
nario.

The analysis of VoWLAN is an important
aspect for researchers in both engineering and
economics. On one hand, the challenge for engi-

neers is to improve the transmission efficiency
for VoWLAN [2] to obtain reliable service. This
impacts on the economic aspects, since enhanced
quality of service (QoS) might imply higher com-
mercial value of the service and, consequently,
larger revenues for the operator in the long run.
On the other hand, VoWLAN provisioning can
be faced as a distributed allocation, a competi-
tive game, and a constrained optimization prob-
lem, which are concepts derived from economics
[3]. Finally, another economic aspect concerns
the design of appropriate pricing strategies for
provisioning such a service that are complicated
by the difficulties in capturing the capacity of a
WLAN.

The investigation of effective pricing strate-
gies for telecommunication services has been
widely studied mainly for Internet-like environ-
ments in the wireline case [4]. This has shown,
for example, the difficulty of identifying a good
tariff function that, besides generating proper
revenue, is both easy to understand and appreci-
ate by users, and efficient in terms of regulating
access to the service. Indeed, this is also a prob-
lem for services like VoWLAN, with the addi-
tional limitation of system capacity, which is
inherently difficult to treat analytically. Different
from other kinds of networks, the medium access
control (MAC) strategy adopted in WLANs is
based on the carrier sense multiple access with
collision avoidance (CSMA/CA) mechanism that
does not provide QoS and/or fairness guarantees
to users. Also, the capacity is not a well defined
quantity, since it depends on many factors relat-
ed to channel conditions and traffic patterns.
Thus, the service provided to users depends on
the actual working conditions of the systems and
the admission control policies possibly imple-
mented by the system manager.

In our view, such difficulties are probably one
of the reasons for the lack of significant contri-
butions concerning VoWLAN pricing. Such an
issue, indeed, is generally washed out by relying
on the large basic potential of the WLAN, with-
out any consideration of the efficiency of system
management, the dimensioning of economic
quantities, and the access control capability of
price-based regulation. On the contrary, we
believe that it is essential to consider these

LEONARDO BADIA, UNIVERSITY OF FERRARA

SIMONE MERLIN, ANDREA ZANELLA, AND MICHELE ZORZI, UNIVERSITY OF PADOVA

ABSTRACT
This article investigates the issue of determin-

ing an appropriate pricing strategy for voice over
WLAN provisioning. This is performed by first
framing the voice services in a tunable QoS sce-
nario. The analysis is then performed with the
awareness that in a WLAN system the tariff pay-
ment determines price-based access regulation,
which implies a different service perception
because of the modified network conditions. For
this reason, we apply a micro-economic frame-
work that considers the trade-off between per-
ceived QoS and paid price in the users’ request
(i.e., including in a tunable way both service
requirements and willingness to pay). This allows
us to investigate the provider’s task of having a
suitable price policy, both identifying the subse-
quently involved trade-offs and providing insight
on how to efficiently cut them.

PRICING VOWLAN SERVICES THROUGH A
MICRO-ECONOMIC FRAMEWORK

The simplicity of 
connection and the
low cost of Wireless
Local Area Network
cards have led to a
large diffusion of
devices provided
with WLAN 
connectivity, 
especially based on
the IEEE 802.11b
standard.

BADIA LAYOUT  2/2/06  11:04 AM  Page 6

                                



IEEE Wireless Communications • February 2006 7

aspects as well in order to achieve larger and
larger diffusion of VoWLAN services, and obtain
economic benefits.

Therefore, we aim here at discussing a design
methodology that might be a useful instrument
for a provider operating VoWLAN services. In
more detail, we capture the allocation problem
in a micro-economic framework, where users’
QoS perception and willingness to pay are
described by means of mathematical instru-
ments. Furthermore, we specifically take into
account the CSMA/CA capacity of the WLAN.
The whole procedure is aimed not only at inves-
tigating certain specific tariff strategies, but
more widely at identifying the trade-off between
the objectives of users and provider, in order to
give an overview of how a network manager
might set up pricing for VoWLAN service.

This framework relies on two separate parts.
First of all, the specific characteristics of the
WLAN capacity must be accounted for. In order
to have a better treatable model, we also intro-
duce some assumptions about QoS and fairness
among users, which are discussed in the follow-
ing section. Second, we also need to model the
users’ perception of the service through a micro-
economic framework for wireless systems. This is
needed since pricing strategies impact not only
the regulation of service demand, as in classic
economic models, but also network operating
conditions, thus indirectly affecting the QoS per-
ceived by users.

For this latter part, we make use of the model
presented in [5], which considers the trade-off
between QoS and pricing by defining a probabil-
ity measure of user satisfaction. The allocation is
thus evaluated with respect to a specific perfor-
mance metric, such as generated revenue or
number of users provided with satisfactory QoS,
which is weighted with the user satisfaction
probability. This might be regarded as an implic-
it admission control mechanism, since we may
think of unsatisfied users as rejecting the service
conditions and therefore not taking part in the
system over the long term.

Finally, these two components might be inte-
grated by means of a micro-economic scheme as
follows. Investigation of the pricing policy is pos-
sible given that the following preliminary evalua-
tions have been performed:
• QoS requirements of users. This can be done

via subjective testing of the VoWLAN service.
The result of this estimation will be numeri-
cally treated in the following as a user utility
function. The provider might even store a
user’s profile that describes the utility parame-
ters specific to each user.

• Sensitivity of users to price and utility varia-
tion. This evaluation impacts the satisfaction
probability, and might be performed via exten-
sive sampling.

• Expected number of incoming users and dura-
tion of calls, in order to evaluate the aggre-
gate performance of multiple connections.
It is important to observe that due to the

nature of the VoWLAN service, the whole sys-
tem is on a feedback loop, where all the values
mentioned above impact each other. A scheme
to represent this behavior is outlined in Fig. 1.

Several aspects of this figure are worth more

emphasis and are discussed in the following sec-
tions. In particular, as explained later, our
approach in this article is to investigate network
capacity by means of simulation, which probably
represents an easier and faster way for a net-
work manager to investigate WLAN capacity.
Clearly, approaches based on analytical evalua-
tions are possible as well, although the simplifi-
cations usually assumed by such models may
conceal some of the complex interactions that
might arise in reality.

The rest of this article is organized as follows.
In the next section we discuss WLAN capacity
and explain the way in which soft QoS might be
required by VoWLAN users and also perceived,
depending on limitations in system capacity. We
discuss an economic model in order to describe
how this impacts users’ choices, also driven by
the pricing policy chosen by the operator. Final-
ly, we discuss with a numerical example how this
can be useful for the provider of the WLAN in
order to identify a suitable tariff plan that both
matches users’ QoS requirements and generates
adequate revenue.

QOS PROVISIONING OVER WLAN
The IEEE 802.11b standard does not encompass
any QoS mechanism for supporting transmission
of voice or, in general, multimedia contents. The
channel access is ruled by a contention-based
strategy, DCF, which does not natively provide
any service differentiation mechanism. Limited
service differentiation might be provided by
using the point coordination function (PCF) to
rule channel access. However, the PCF function-
ality is defined as optional in IEEE 802.11b and
is typically not implemented in commercialized
IEEE 802.11 devices.

Problems arising from distributed sharing of

nFigure 1. The estimation scheme and the micro-economic model application
to VoWLAN service.

Voice user

Network manager

Network
capacity

User
preferences

Price

Service
request

Revenue

Simulation

Acquired

Perceived QoS

BADIA LAYOUT  2/2/06  11:04 AM  Page 7

             



IEEE Wireless Communications • February 20068

available resources are the lack of throughput
and maximum access delay guarantees [6]. For
light traffic, the DCF mechanism is generally
able to satisfy the packet rate and delay require-
ments for voice applications. However, when the
allocated traffic approaches system capacity, the
access delay may result in total inadequacy for
support of multimedia and voice services. The
problem is exacerbated by the coexistence of
voice and data traffic, since the transmission of
long data packets may worsen the delay and jit-
ter of voice packets.

These impairments have direct effects on the
perceived voice quality, which will gradually
decrease as the system approaches the saturation
condition, with a sensitivity depending on the
specific codec adopted.

Nonetheless, different quality levels can be
obtained by using adaptable codecs. Such codecs
allow for adjusting the service quality and
amount of required resources, according to user
requests or available resources [7]. Notice that,
in general, scaling of service quality is obtained
by relaxing the requirements in terms of band-
width or delay.

We might therefore focus on a VoWLAN
scenario, where users require different service
levels, according to their personal preferences
and the price paid for the service [5]. As long as
the total requested rate is below the network
capacity, the allocation does not present prob-
lems, and all users are entitled to obtain the
requested rate (i.e., to experience the desired
QoS). However, as the total requests approach
the available capacity, the rate experienced by
users has to be reduced in order to maintain the
packet delay within the limits required for the
voice/video service to be acceptable. The policy
used for subdividing the available resources
among users can greatly impact the QoS per-
ceived by the users, determining their behavior.
We will assume a rate scaling policy that assigns
to each user a fraction of the available resources
proportional to the requested rate (i.e., service
level). In this way, the degradation of service
experienced by each user is proportional to its

original request, thus providing a generalized
best effort quality.

Even though a detailed study of a service
differentiation mechanism for IEEE 802.11b is
beyond the scope of the present article, in the
following we consider a specific strategy for
the purpose of our investigation. For the sake
of simplicity, we refer to the simplest tech-
nique of those proposed in [8], which, without
substantial modifications to the standard, acts
on the length of generated packets .  Since
DCF provides equal access probability (in the
long term) for al l  the contending nodes
(including the access point), under the assump-
tion that all the nodes in the cell served by an
access point work with the same physical rate,
the resource share gained by each node is thus
proportional to the length of the transmitted
packets.  Note also that more complex and
realistic service differentiation mechanisms
can be defined, but we stress that our approach
can be kept almost unchanged since it simply
involves evaluation of the perceived service,
and hence does not rely critically on a given
differentiation mechanism.

Following this resource sharing strategy,
when the network approaches the saturation, the
average transmission rate obtained by each user
results to be proportional to its packets length.
Furthermore, the ratio between the traffic of any
two users will be the same both in the non satu-
rated and saturated case. Our evaluation with
the ns2-simulator [9] confirms the results shown
in [8] over a wider population range. Figure 2
shows, for example, the results of the subsequent
allocation of up to 6 users in the WLAN sce-
nario, where a new user is added every 100 sec-
onds. The resource requirements of each user
are subsequently increasing, so that the rate
request of the i-th user, i > 1, is i times the
request of the first one. In other words, user 2,
3, … requires a rate equal to 2, 3, … times the
request of user 1. As shown in the figure, the
correctness of the assumption of proportionally
fair share of resource holds.

We notice that the AP will get just the same
amount of resources as a generic user, even
though the AP has to serve all the downlink traf-
fic that is generally much higher than the uplink
flow generated by each terminal. In particular,
with voice connections the AP has to serve as
many inbound flows as the number of active
voice sessions, thus rapidly becoming the bottle-
neck of the system [10]. However, solutions to
alleviate this problem and consequently increase
the voice capacity of WLANs have recently
appeared in the literature [11].

Finally, we remark that in the saturation case
the proportionally fair share of resources can
determine an unsatisfactory allocation for some
users. In order to investigate this point in detail,
we introduce a micro-economic model, with the
goal of quantifying the wireless resource alloca-
tion, which is described in the next section.
Under this framework, specific evaluation of
VoWLAN service provisioning is performed and
useful insights are given, in particular concerning
the design of an appropriate pricing strategy,
capable of both coordinating users’ requests and
achieving adequate provider revenue.

nFigure 2. Proportional share of resource for a WLAN system with six users
with increasing priority. This confirms and extends to a larger system the
results already obtained by [8].
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MICRO-ECONOMIC
RESOURCE ASSIGNMENT MODEL

The offer of a VoWLAN service has a side-
effect on the network manager. In order to reach
a sustainable business model, the service
provider must achieve adequate revenue from
the network operation. Hence, the higher the
number of connections, and the more resource
demanding they are, the higher the potential
revenue. However, pricing and allocation strate-
gies heavily influence the behavior of the users.
In fact, users who are faced with inadequate
QoS or very high price are likely dissatisfied. For
these reasons, it is important to also incorporate
economic considerations into the analysis.

To describe the allocation of soft QoS, many
researchers, even in the telecommunication field,
have proposed employing utility functions [3].
These are micro-economic instruments intended
to map the welfare of purchasing a good or ser-
vice. The capability of utility functions to capture
the QoS evaluation by users of a wireless net-
work becomes even more important when eco-
nomic aspects such as service pricing are
considered. This is especially needed for WLAN
systems, where it has been shown that resource
pricing is also a way to implicitly regulate the
access of the terminals [12].

Therefore, our investigations about micro-
economics of WLANs are made through the
adaptation to this particular scenario of the
model presented in [5]. The very general idea
adopted in this framework is that users’ service
perception is determined by the trade-off
between utility (representing the perceived QoS)
and price. Formally, this consists of evaluating a
numerical value for each user measuring satis-
faction probability, which increases as utility
increases and/or price decreases.

This value is then used in order to weigh all
performance metrics, since from the economic
point of view an efficient resource usage not
only aims at satisfying the users as much as pos-
sible, but also evaluates the performance mostly
on satisfied users. Metrics like throughput and
even more the provider’s revenue obtained from
service provisioning are not meaningful if the
associated service appreciation is low. If a peak
allocation is obtained without respecting users’
requests, it is likely that the users will abandon
the service on the long run. This is why the eco-
nomic model we employ considers only satisfied
users (or better, it weighs the performance met-
rics with the satisfaction probability of users) as
concurrent with the evaluation of allocation effi-
ciency.

According to the assumptions made, both
utility and pricing, and hence users’ satisfaction,
depend on the allocated resource, which we
describe through the average transmission rate r
obtained by a user. We remark that according to
the differentiation mechanism considered, the
rate r is determined by the length of the packets
transmitted over the wireless channel, while the
actual signaling rate at the physical layer is
assumed to be equal for all users and constant
over time. Note that it would be possible to
extend this approach by also considering other

factors such as delay or delivery ratio (which are,
however, correlated with the rate). Nevertheless,
this would lead to more complex expressions
without affecting the method here proposed.

From a mathematical point of view, we adopt
the following descriptions, proposed in [5]: both
utility and pricing functions (u(r) and p(r),
respectively) increase as the allocated resource
increases. However, whereas the price might
indefinitely increase as the allocation becomes
larger, the utility must saturate after a certain
point. In particular, we assume that the rates
available at the codec span over an interval
[r0,r1].

The utility u(r) might be obtained, as previ-
ously discussed, through subjective testing. This
results in a different utility function for each
user; also, since the set of rates is discrete, this
would determine a stepwise constant function.
However, for the mathematical approach, we
assume that u(r) can be approximated with a
continuous function. This is reasonable if the
number of available rates is large enough; and,
in any case, the analysis presented in the follow-
ing might be replaced by taking a quantized ver-
sion of the utility values. Moreover, utilities are
assumed to be normalized between 0 and 1, and
for every user we impose that u(r) is always 0
when r < r0 and 1 when r > r1.

Formally, the utilities we consider are sig-
moid-shaped functions, where the middle point
and curvature are regulated by means of numeri-
cal parameters, indicated with K and ζ, respec-
tively. This means we consider u(r) as follows:

(1)

where 0 < K < 1 and ζ > 1 are adjustable
parameters. Note that keeping track of specific
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nFigure 3. Sigmoid utilities chosen to represent the QoS perceived by the users
as associated with different rates. 
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values of K and ζ might be a way for the provider
to synthetically represent the utility for a given
user. A sketch of different utilities is plotted in
Fig. 3.

The choice of an appropriate pricing func-
tion is instead important for correctly manag-
ing and regulating the medium access. In order
to understand what a suitable pricing function
for a VoWLAN service might be and outline a
framework to characterize it, we need to take
a tunable approach that can describe the exist-
ing trade-off between flat and usage-based
pricing [4]. Appropriate pricing management is
necessary not only for revenue collection, but
also to perform access control, which in the
end increases revenue even more. Our frame-
work,  however,  al lows us to dist inguish
between the different needs associated with
the pricing function. Flat pricing policies may
be more appreciated by users. Nevertheless,
they cause more congestion in the WLAN
since users do not try to regulate their
resource demand according to the price, which
is fixed anyway. Usage-based pricing partially
amends the congestion due to unnecessary
large requests, and therefore leads to larger
revenues, but is less satisfying to users. In the
following we show a way to quantitatively eval-
uate this trade-off and find an optimal point
to solve it once the ratio between user and
provider needs is known.

Thus, the considered pricing functions are
intended as a mixture of a flat (asymptotic)
value and an initial linearly increasing part. By
appropriately tuning the steepness of the pricing
via the parameter q it is possible to switch from
a fully linear to a fully flat price. In this way we
intend to show how it could be possible to find
the pricing function, regulated by the provider,
which cuts the design trade-offs in the optimal
way.

Our choice in this article is to consider the
following p(r), also graphically represented in
Fig. 4:

(2)

where p— and q are adjustable parameters,
explained in the sequel.

The choice of this tunable pricing function is
motivated by the possibility of investigating,
through the parameter q > 0, the aforemen-
tioned trade-off between linear and flat pricing.
The choice of q allows us to turn the pricing
from linear (high q) to flat (low q), where the
parameter p— is the average value of the pricing
from 0 to r1, regardless of q. In this way it is pos-
sible to regulate the average value or shape of
the pricing function independently.

It is important to notice that, whereas the
utility variations depend on subjective percep-
tions of different users, and it is hence reason-
able to assume that the curves of Fig. 3 might
represent the utilities of different users in the
same network, the pricing curve is only one,
since it has to be known a priori by the users.
Thus, the curves in Fig. 4 represent possible
choices for the network manager, but only one
can be chosen. Of course, this can be extended
by considering a class-based approach in which
different pricing functions are allowed according
to the service subscriptions of users. Even though
this point is not directly addressed here, it might
be considered with only straightforward modifi-
cations.

Finally, the micro-economic model defines a
satisfaction probability A for every user, which
depends on the trade-off between utility and
price. A possible choice is as follows:

A = 1 – exp(–kuψp–ε), (3)

where k, ψ, and ε are positive constants, appro-
priately chosen, that regulate the sensitivity of
users’ satisfaction to the QoS/price trade-off. For
example, increasing ψ makes the users more sen-
sitive to the utility, whereas increasing ε does the
same for the price. The last value, k, is simply a
normalization constant. This equation is chosen
in order to respect the intuitive behavior that the
satisfaction of a user increases as the quality
increases and/or the price decreases. Note, how-
ever, that its functional behavior might easily be
adjusted by tuning the parameters, so this is
indeed a very general choice. Finally, observe
that since both u and p depend on r, A is also in
turn a function of r. Possible behaviors for the
function A(r) are represented in Fig. 5.

The model can be applied to the VoWLAN
scenario in order to dimension the network and
identify an appropriate pricing function as fol-
lows. First of all, an econometric measurement is
required in order to characterize all parameters
involved in the scenario, that is, the utility behav-
ior of the users, which might be done through
qualitative subjective tests, and the acceptance
probability parameters. Our approach gives the
freedom to change the parameters p— and q of
the pricing function in order to choose a tariff
that sets the average price and combines the
effects of flat and linear pricing in the most suit-
able way. Thus, a direct application of the model
to a real case might assume the scenario as
known, and p— and q as variables.
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The model allows the evaluation of different
metrics of interest to the WLAN manager, such
as the average satisfaction rate of users or the
revenue generated by the allocation. The former
simply corresponds to the evaluation of A(r)
averaged over all users; the latter is, instead, the
sum of the prices paid by the users weighed on
their satisfaction probabilities, Σi A(ri) p(ri). As
discussed in the introduction, from an economic
point of view dissatisfied users are lost cus-
tomers, and their generated revenue is not sig-
nificant in the long run.

In practice, a possible application of the
model via the evaluation of the two aforemen-
tioned quantities is as follows. Due to the com-
plicated relationships that interrelate the QoS
achieved by users of a WLAN, it seems reason-
able to adopt a simulation approach, at least in
order to perform simple and fast performance
evaluation. This is also the simplest method to
use in a real situation for a WLAN manager.
Thus, it is necessary to implement the micro-
economic model in a simulator such as ns2,
where IEEE 802.11b procedures are already
available. This is useful to evaluate the impact
of CSMA/CA in terms of capacity on the allo-
cation of a variable traffic rate for every user,
according to user preferences. In particular, if
a different sigmoid-shaped utility function is
randomly determined for every user, this user
is therefore assumed to ask for the transmis-
sion rate r* that maximizes her satisfaction
probability. Note that once the utility is cho-
sen, the behavior of A is also known, since the
pricing is known a priori. It is immediately ver-
ified that such a value always exists, as visible
in Fig. 5.

In this way once the micro-economic parame-
ters of the system are known, an estimate of the
most suitable pricing policy might be obtained,
and in particular the trade-off between contrast-
ing objectives, such as user satisfaction and rev-
enue maximization, might be investigated.

MODEL APPLICATION

The general idea is that with the model outlined
above, it is possible to evaluate and compare dif-
ferent pricing policies for VoWLAN service. As
shown in the literature [4], a pricing policy might
be analyzed under different aspects. In particu-
lar, due to QoS elasticity (i.e., the possibility for
users to regulate r), which results in both differ-
ent QoS and price paid, the average price is not
the only factor to consider. In particular, we
believe that the difficult part of the investigation
resides in the trade-off between flat and usage-
based pricing strategies. The former kind of pric-
ing, which corresponds to a constant p(r),
independent of QoS, is often adopted in WLAN
hotspots, where the payment of a fixed fee guar-
antees access for a given time (but without quali-
ty constraints). The latter, instead, has been
shown to be more effective in managing multiple
access, as flat pricing does not prevent the sys-
tem from being abused. Note that this is also
captured by our micro-economic framework,
since flat pricing implies that the most preferred
rate is always r1 (i.e., the highest value given by
the codec).

In other words, a flat pricing strategy leads to
inefficiency in terms of congestion, since users
have no incentive to decrease unnecessarily high
rate requirements, and hence network operation
is brought toward the low-performance Nash
equilibrium point, where all users request the
highest rate. On the other hand, with usage-
based strategies users are prevented from
requesting high rates; this leads to improved
cooperation and hence to higher provider rev-
enue.

In order to investigate this point, we present
the result shown in Fig. 6. Here, we consider a
small network where a single AP is in charge of
managing a variable number of users, and we
focus on the trade-off between overall user sat-

n Figure 5. Examples of satisfaction functions. For all curves it is assumed
p— = 0.45, µ = 2, ε = 4, k = 0.15.
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isfaction (average value of the A(r) function for
all users, including those who refuse the service)
vs. provider revenue. A total operation duration
of 10,000 s is evaluated. During this time, calls
are generated and terminated according to Pois-
son processes with intensity λ = 1/30 s–1 and µ
= 1/150 s–1, respectively. Not all the generated
calls actually enter the system: in fact, every
user requests the most satisfactory allocation r*
that gives the maximum of her own curve A(r),
and also evaluates her satisfaction prior to
entering the system, so the probability of system
entrance is A(r*). Moreover, users can become
dissatisfied due to degradation in the service
and therefore, even though they already are in
the system, can prematurely leave before their
call is terminated. To this end, every 20 s the
perceived rate ρ of every user is evaluated, and
thus the satisfaction A(ρ). Should it be lower
than A(r*), the user keeps the service with a
conditional probability A(ρ)/A(r*), and leaves
the system otherwise.

The utilities of arriving users are generated
with ζ and K randomly distributed in [6,20] and
[0,0.85], respectively. The rates provided by the
codec range from r0 to r1, where r1/r0 = 5. Due
to the small size of the network, the maximum
signaling rate (i.e., 11 Mb/s in the IEEE 802.11b
standard) is available to all terminals. However,
note that we also performed similar evaluations
for more complicated scenarios where different
signaling rates coexist, and they exhibit similar
trends to the ones shown. The user satisfaction
parameters are ψ = 2, ε = 4, k = –ln 0.9. All
these values are given as input to the ns2-simula-
tor, and other parameters simply reflect the
implementation of the IEEE 802.11b standard in
this simulator.

In this scenario we aim to explore the afore-
mentioned trade-off between flat and usage-
based pricing (i.e., a purely linear function of r,
or a hybrid one as previously discussed) by
introducing a parameter q .  Three average
prices have been considered, p— = 0.3,0.5,1.0. It
is emphasized that the choice of a pricing strat-
egy results in a different outcome of network
management, where, roughly speaking, user
satisfaction might be traded for provider rev-
enue. In fact, Fig. 6 confirms the previously
discussed behavior of the pricing policies:
usage-based policies (in this case linear pric-
ing) achieve higher revenue with respect to flat
pricing but also yield lower user satisfaction.
This trade-off between the immediate goal of
the provider and the users’ welfare can be cut
by an appropriate choice of the relative weight
between the two contrasting objectives, so in
the end the choice of pricing policy might be
directly determined by looking at one suitable
point in Fig. 6.

It is also worth noting that purely flat or
purely linear strategies do not generally offer a
good trade-off, since the curves tend to wrap so
that a hybrid strategy is often preferable. This
emphasizes even more the need for an appropri-
ate investigation of all pricing policies by allow-
ing more factors than the simple average price in
order to tune the price not only quantitatively
but also qualitatively (i.e., changing the shape
itself of the pricing function).

CONCLUSIONS
The application of micro-economic models to
VoWLAN provisioning might shed some light on
the pricing issue for such a system. In fact, to cor-
rectly determine the impact of the pricing policy on
system performance, it is necessary to investigate
the problem from the perspectives of both users
and service provider. For this reason, we employ a
micro-economic framework, able to describe the
choices of the users, in terms of rejection or accep-
tance of the offered service, as depending on a
trade-off between perceived QoS and price.

In the case of WLAN systems no QoS guar-
antees are supplied to users, since the service
depends on system load. Anyway, if we assume a
correlation among the QoS levels achieved by
different users, a fair degradation of the per-
ceived QoS is provided, and therefore an
adjustable QoS degree is supplied. The micro-
economic model provides a way to describe
users’ reactions to this WLAN behavior, which is
controlled through an appropriate price setting.

To this end, several pricing strategies can be
applied by the service provider ranging from a
price proportional to the obtained service to a
flat price, all with different effects on the final
performance. Within the described micro-eco-
nomic framework, these possibilities can be
identified, and guidelines for provider choices
can also be supplied.

Numerical examples, given through ns2 simu-
lation, confirm the need for the provider to
appropriately determine a correct pricing strate-
gy that corresponds to efficient network manage-
ment. Moreover, the proposed methodology
offers both advantages of easy implementation,
even in different scenarios, and direct identifica-
tion of the required pricing strategy.
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