
Accepted Manuscript

Dynamic pricing for service provisioning and network selection in
heterogeneous networks

S. Sengupta, S. Anand, M. Chatterjee, R. Chandramouli

PII: S1874-4907(09)00025-1
DOI: 10.1016/j.phycom.2009.02.009
Reference: PHYCOM 34

To appear in: Physical Communication

Please cite this article as: S. Sengupta, S. Anand, M. Chatterjee, R. Chandramouli, Dynamic
pricing for service provisioning and network selection in heterogeneous networks,Physical
Communication(2009), doi:10.1016/j.phycom.2009.02.009

This is a PDF file of an unedited manuscript that has been accepted for publication. As a
service to our customers we are providing this early version of the manuscript. The manuscript
will undergo copyediting, typesetting, and review of the resulting proof before it is published in
its final form. Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.phycom.2009.02.009


AC
C

EP
TE

D
M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Dynamic Pricing for Service Provisioning and Network
Selection in Heterogeneous Networks

S. Senguptaa, S. Ananda, M. Chatterjeeb, R. Chandramoulia

aDepartment of Electrical and Computer Engineering
Stevens Institute of Technology, Hoboken, NJ 07030

bSchool of Electrical Engineering and Computer Science
University of Central Florida, Orlando, FL 32816

Abstract

In this paper, we model a market-based cognitive radio network where multiple
wireless service providers (WSPs) offer competitive prices to users. We assume
that WSPs use a mix of access technologies to provide a wide variety of wireless
services (e.g., voice, data etc.) with a certain level of QoS while maximizing
their revenues. Using a non-cooperative game model, we propose differentiated
pricing strategies for the WSPs and users. We also propose an optimal strat-
egy for access network selection by the service providers which minimizes the
effect on QoS of the existing users and increases self–coexistence. We show that
in order to achieve Nash equilibrium, it is in the best interest of both WSPs
and users to adhere to the proposed strategies. Performance issues from both
providers’ and users’ perspectives are studied through analytical computations
and simulation model. Analysis shows that our proposed pricing policy repre-
sents the oligopoly market, i.e., exhibiting larger sensitivity to a new provider
when the number of existing providers is low and lower sensitivity when the
number of existing providers is high. Simulation results demonstrate that the
proposed pricing and network selection policies benefit both users and WSPs.

Key words: Cognitive radio network, Pricing, Heterogeneous network and
services, Game theory

1. Introduction

With the advent of cognitive radio networks and the ever-increasing demand
for emerging new services and applications from end–users, it is anticipated that
the wireless service providers (WSPs) will use a multitude of access technologies,
operating on both licensed and unlicensed bands, to serve an increasing number
of subscribers and to generate more revenue [4]. Multiple access networks will
prevail to support wireless services that have varied QoS requirements, e.g., real
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time video and telephony are more delay sensitive than non-real time services
such as file downloads. To harness the wide variability of coverage, bandwidth,
and reliability offered by different technologies, WSPs are planning to deploy
heterogeneous access networks in an over-laid fashion operating in multiple spec-
trum bands. These heterogeneous networks would be capable of providing dif-
ferent sets of services governed by their corresponding quality–of–service (QoS)
capabilities. The most common example seen today is the accessibility of Wi-Fi
hotspots on top of third generation (3G) cellular services [34]. As far as the
end users are concerned, there is still a strong association with a single WSP
i.e., a user usually gets the services from one provider for a period of time as
per the contractual agreement. However, with the emergence of new dynamic
spectrum access protocols and standards (e.g., IEEE 802.22 based on cognitive
radio [1, 7]), it is anticipated that in the near future, the user device will have
multi-mode cognitive radio capability of connection and fast switching to dif-
ferent networks and services [20, 35] across different spectrum bands on a more
short term basis depending on the benefits obtained.

In this regard, It is important to investigate the economic issues that arise
due to the presence of multiple competing WSPs and that has a profound impact
on the differentiated service qualities and the prices paid by the end users.
Pricing of spectrum (for dynamic access) and pricing of network services (for
dynamic service provisioning) in cognitive radio network have the overwhelming
advantage that permit spectrum owner, WSPs and users, acting individually or
as organizations, to express the value they are willing to pay or receive. The
aim for adapting such a dynamic market scenario is that the resources should
go to those who do value it most [13, 27]. As far as the prices for the various
services are concerned, the current wireless service providers follow the charging
model for voice services, i.e., free or flat-rate. Example of flat-rate pricing could
be paying a certain amount of money every month and having unlimited usage
facility. (Some of the variations of flat-rate pricing can be found in [6, 24].)
However, the extensive increase in wireless service access and the corresponding
quality of service degradation have demonstrated the need for a proper pricing
model. Also, the current practice of offering different contract plans (based on
minute usage) for voice services will no longer be valid for data services. The
same notion of resource sharing in voice networks can not be used because packet
data systems are usually aimed at maximizing the throughput. This new way
of looking at different charging for different QoS enabled services brings forth
the requirement for a proper pricing model in cognitive radio networks with
heterogeneous access networks and differentiated services. By introducing the
providers and users in a pricing based game theoretic environment, it becomes
convenient to analyze the respective strategies from both providers and users.

In this work, we deviate from the concept of flat pricing towards dynamic
pricing. We study the use of dynamic pricing in the presence of multiple com-
peting service providers who cater to end–users through overlaid heterogeneous
networks. End–users enabled with cognitive radio devices can connect to any
of the networks at any time to avail required services almost on a session-by-
session basis depending on what the users’ preferences are – QoS, coverage,
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price etc. For being fair to both service providers and users, we investigate
the extremity of dynamic pricing in this research similar to the one presented
in [8], i.e., WSPs can change the price of the services anytime they want. More-
over, we consider the possibility of the presence of malicious service providers
which start with a low price to admit users and increase the price midway. We
propose strategies for end–users in such a scenario. We show that with our pro-
posed strategy the malicious service providers gain no advantage by increasing
the price midway. In our model, end–users are also anticipated to have more
freedom in dynamically connecting to any WSP for any service through their
multi–mode cognitive radio terminals [36] and can leave anytime they want,
i.e., they do not have any strong association (contractual agreement of one or
two years as in existing wireless industry) with service providers. Rather, in
the new dynamic pricing model, users’ association with the WSPs would be on
a per-service or per-session basis and they have the freedom to leave anytime.
A similar concept has been envisioned in [9, 15], where user terminals move
across different systems and media-independent handover for seamless service
provision in heterogeneous networks is studied.

With such a loose association between the users and the WSPs defined, we
investigate the decision making approach from both WSPs and end–users’ point
of views in such cognitive radio network model based on heterogeneous access
networks and differentiated services. The questions we try to answer are:

• What are the dominant best response strategies for both users and wireless
service providers?

• Is there any equilibrium?

Economic models have been shown to be useful in the design of such real-
world market-based systems, as it is intuitive that the actions, or reactions,
in response to others’ actions, of the self-interested agents (spectrum owner or
WSPs or end–users) would be always focused on maximizing their own “profit”.
In this respect, concepts from economic theory can be used to guide the design
process of the agents’ strategies and framework of the cognitive radio network in
a distributed manner. By introducing the providers and users in an oligopoly1

market like environment, it best suites to study the concept of prices to regu-
late the demands of users who consume resources (bandwidth) and the service
offering and pricing of WSPs.

In this research, we use game theory to analyze the competitions and inter-
actions between service providers and users. We find the best response of the
users and the competitive pricing strategies adopted by the service providers to
attract more users. We also investigate the existence of Nash equilibrium [23].
More specifically, the contributions of this paper are as follows.
• We propose a non-cooperative game theoretic model to investigate the con-
flict between wireless service providers (with heterogeneous access technologies)

1An oligopoly is a market form in which a market is dominated by a small number of sellers
(oligopolists).
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and users for varying QoS requirements. We provide a decision model under
this non-cooperative, incomplete-information game environment, and propose
utility functions for both providers and users.
• We study the mutual best response strategies that determine the Nash equilib-
rium and propose a pricing mechanism that helps both the providers and users
to maximize their utilities. We study the performance of our pricing policy in
the presence of multiple service providers and show that our proposed pricing
policy exhibit larger sensitivity to a new provider when the number of existing
providers are low and low sensitivity when the number of existing providers are
high. Thus our pricing policy is observed to model the oligopoly market well.
• We also present the optimal network selection strategy that the WSP’s use
once a service request is generated to admit the new request (increase revenue)
and at the same time to least affect the QoS of the existing users (to minimize
churning rate). We define a metric called QoS affect ratio and show that it is in
the provider’s best interest to select that network for which the relative increase
in QoS affect ratio is minimized.
• We conduct simulation experiments where service providers provide services
through multiple wireless access networks. We capture the interplay among
these heterogeneous networks with the users. The results demonstrate that
both service providers and users have incentive to follow the strategy profile
presented in this work for the heterogeneous cognitive radio network.

The rest of the paper is organized as follows. In section 2, we discuss the
works that use game theory for pricing policies in multi-provider settings. In
section 3, we clarify what we mean by ‘heterogeneity’ and justify how game
theory is suited to deal with the problem at hand. We formulate the interac-
tion between users and providers as a game and construct utility functions in
section 4. We propose the pricing strategies and study the existence of Nash
equilibrium for different services. The problem of optimal network selection in
the presence of heterogeneous networks is presented in section 5. In section 6, we
present analytical computations and simulation results to analyze the benefits
obtained by both WSPs and users. Conclusions are drawn in last section.

2. Related Work

Several interesting investigations on multi-access networks have been con-
ducted recently. Convergence of cellular networks with broadcast networks has
been discussed in [14]. In [25], Shabany et. al. present a resource allocation
scheme for data traffic under heterogeneous cellular CDMA framework. Multi-
radio channel allocation problem using game theory has been discussed in [11].
In [17], Lee et. al. investigate spectrum and power allocation for inter-cell spec-
trum sharing in cognitive radio networks. Their approach allows fair resource
allocation as well as capacity maximization and avoids the starvation problems
seen in the classical spectrum sharing approaches. Similar joint power/channel
allocation scheme to improve the cognitive radio network’s performance using
distributed pricing strategy has also been studied in [30]. Zemlianov et al.
assumed the existence of two orthogonal technologies that were overlaid [32].

4
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Moreover, Zemlianov investigated network design in a wireless multi-provider
setting using cooperative decision making in [33]. In particular, cellular and
WLANs are considered where users are vertically transferred from one network
to another based on the load of each network. In [18], an integrated admis-
sion and rate control framework for CDMA based wireless data networks is
proposed. The providers define the admission criteria as the outcome of the
game and the Nash equilibrium is reached using pure strategy. Users are cat-
egorized into multiple classes and offered differentiated services based on the
price they pay and the service degradation they can tolerate. However, dy-
namic pricing was not explored in most of these research. Moreover, most of
these works assume cooperation among the agents and make their decisions
based on cooperative approaches. But in reality, entities who are involved in
such pricing game approaches and decision making have always been greedy and
selfish [5, 28] and they always act in a non–cooperative way. In [31], Wu et.
al. investigate a multi-winner, collusion-resistant cognitive spectrum auction
mechanism. In their approach, the auction mechanism determines prices based
on Nash bargaining solution and allocates bands to improve revenue.

Shakkottai et al. present a pricing policy for multiple competing ISPs using
threat strategy in [26]. In [21], Musacchio et al. study the economic interests of
a wireless access point owner and his paying client, and model their interaction
as a dynamic game. Resource allocation and base-station assignment problems
for the downlink in CDMA networks is studied based on dynamic pricing in [16].
Revenue maximization and pricing problems are discussed in [16, 19, 29]. In
[22], Mutlu et. al. present mechanisms of spectrum pricing in wireless cellular
networks. They investigate the problem of profit maximization for the usage of
wireless spectrum in the presence of both primary and secondary users using
stochastic dynamic programming formulation of the problem. In [12], authors
presented a non–cooperative game for pricing Internet services but concluded
with an unfair Nash equilibrium where future upgradation of the networks were
not discussed.

3. Definitions and Problem Identification

In this work, we consider the generic abstraction of “always greedy and profit
seeking” providers and users. We assume a heterogeneous cognitive radio net-
work model as shown in Fig. 1, where K WSPs are in competition. In this
model, every provider is in a market-like scenario trying to maximize their rev-
enue by providing heterogeneous services through heterogeneous access networks
while competing for a common pool of users.

3.1. Heterogeneity of Network
To exploit the relative advantages of different kinds of technologies, different

technologies are deployed in an overlaid manner. For example, cellular networks
provide better coverage while Wi-Fi technology provides higher data rate. These
technologies offer their advantages in terms of bit-rate and coverage. Thus the

5
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frequency spectrum at which a technology operates affects the QoS capabili-
ties; for example, high frequencies impose restrictions on the coverage area but
can support very high speed data transfer. Going down the hierarchy of the
frequency spectrum, we get higher coverage with low speed data transfer. For
illustration purpose, with respect to Fig. 1, the different access networks are
shown as 3G cellular, WiFi and WiMAX. Each of these access networks is again
capable of supporting a variety of services.

Figure 1: Users and wireless service providers in heterogeneous cognitive radio networks

The performance perceived by the users enabled with cognitive radio due
to the heterogeneity of the networks is expected to improve. To illustrate this,
we conducted a case study with internetworked 3G and WiFi. The detail of
the simulation setup for the case study can be found in section 6.2. We com-
puted the blocking probability and experienced delay perceived by the users as
depicted in Fig. 2 and 3. The comparison is made between two systems: with
internetworking (3G and WiFi combined) and without internetworking (only
3G). As evident from the Fig. 2 and 3, blocking probability and mean delay
perceived by users decrease with introduction of internetworking. This in turn,
also provides opportunity to service providers as the number of admitted users
increases resulting in higher revenue. We consider this as motivation for our
study in this paper.

3.2. Heterogeneity of Service
By heterogeneous services, we mean different QoS enabled wireless applica-

tions such as, telephony, video, file transfer etc. For generalization purpose,
under every access network, we classify all services into two broad classes each
having a totally different quality of service [10].

6
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Figure 2: Blocking Probability without and with internetworking

• Class A – Voice/Video service: In this class, we consider non–elastic
services like voice/video services. These services are time–critical and
therefore delayed packets are of no significance here. These services tol-
erate packet errors upto a specified threshold. Users pay for the duration
they are connected to the network and do not pay if negotiated QoS is not
met at any point during the session. This generic model can be extended
to include any popular real time services such as, voice, streaming video,
VoIP, and teleconferences.

• Class B – Data service: In this class, we consider the elastic services
(popularly known as data services) that have less strict delay requirement.
Packets are not discarded even if they are delayed. However, these services
are less error tolerant. Services such as web downloads, FTP, emails are
typical examples for this class. In contrast to the non–elastic model, users
obtain full utility only when 100% of the data is downloaded successfully;
else utility is 0.

3.3. Decision Problems
The major decision making aspects need to be considered here both from

service providers and users perspectives.
As a user, the decision problem is to select the best service provider for the

particular service request. All WSPs advertise their prices for the user request.
The end–user will either reject all the prices and will not receive any service
or the end–user might connect to the best service provider according to some
criteria of best (explained later).

As a service provider, the first decision problem is to advertise a price for
a service without knowing what prices are being simultaneously advertised by
its competitors at that instant. Note that providers have the knowledge of

7
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Figure 3: Mean delay per user without and with internetworking

distribution of advertised price of other providers but not the exact price at any
instant. The objective is to find different strategies for different services and find
the price such that the provider is able to entice the users and still obtain profit.
With fixed resources and operational costs, prices exhibited cannot be too low,
as that would attract too many users leading to degradation in performance
because of resource sharing. At the same time, prices can not be too high
because that will lead to user churn [18].

The second decision-making problem from the provider’s point of view is
related to admission control and network selection in heterogeneous networks.
When a service request is generated, a provider has to decide which network to
use to serve this request. Identification of the optimal access network should be
such that number of users being served can be increased without violating the
QoS expected by the existing users.

3.4. Formulation of the Game
The interaction (decision problems presented in the earlier section) of the ser-

vice providers and the end users can be modeled formally using non-cooperative
games. The game starts with a user making a request for an application service
(class A or class B). Each service requires a specific expected QoS in terms of
bandwidth to satisfy user’s request. Users, in turn, pay for the service to the
provider from whom the service request is granted. The objective of any service
provider in this game is to maximize profit for the service provided. Similarly,
the users try to maximize their benefits from the service for the price they pay.

The duration of the game is the entire time the user is connected to a service
provider and the game ends once the user or the provider disconnects. We as-
sume that the exact duration of the game is not known to the provider, however,
the distribution of the time may be known. As earlier mentioned, in this work,
we investigate the extremity of dynamic pricing. Thus in our model, user can

8
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connect to any of the WSPs for their desired services at any time and can also
leave at any time if the perceived benefit could not be maximized. Similarly,
WSPs can change their prices of service for the users at any point of time in
the game.

With respect to end–users’ and WSPs’ best response, we define sub–games
as the discretized smaller unit time epochs of the whole game played between
end–user and WSP. We assume that inside a sub–game, there is no change of
pricing or strategy from any of the end–users or WSPs, but across the sub–
games, there might be changes as new users might be admitted or users may
finish their session or may also churn out. Thus across sub–games there might
be a change in the load of the WSPs as a result of which the WSPs might decide
to reassign their prices of the services.

In this regard, we present one simple illustration showing why discretization
of the game is necessary. More discussions will follows later. Let us assume
without any loss of generality that user i was admitted to provider j with a
very low price for the service. If we assume the game is no longer discretized
into sub-games, the price negotiation will be done only at the beginning of the
game. A malicious user would then definitely try to hold onto the bandwidth
acquired. Hence, even if the provider obtains service requests from other users
who are willing to pay a higher price, the provider can not admit these requests.
If the provider tries to pre-empt their requests from the malicious user, the user
deny to pay even for the service consumed, since the service was not completed.

4. Analyzing the Game for Differentiated Services

Once the problems are identified and the game is formalized, we need to
solve the game for both service providers and end–users. Solving a game means
predicting the strategy of each player (each service provider and each user in
this case). One can see that if the strategies from the players are mutual best
responses to each other, no player would have a reason to deviate from the given
strategies and the game would reach a steady state. In this regard, we need to
study the existence of Nash equilibrium from both users’ and service providers’
perspectives [23]. Next, we provide the utility functions for voice/video and
data services and analyze the dominant strategies for both users and service
providers.

4.1. Utility Functions and Nash Equilibrium for Voice/Video Services
A utility function is a mathematical characterization that represents the

benefits obtained and cost incurred by the players playing the game. We assume
that there are M service providers that are trying to cater to a common pool of
N users. Let us assume that one of the N users is requesting for a non–elastic
voice/video service.

The methodology of mapping the user satisfaction derived from the band-
width received is well established. We follow a variant of the sigmoid functions
[37] to model the non–elastic service user’s satisfaction. In Fig. 4, we present an

9
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example of the nature of the user satisfaction. The normalized user satisfaction
is modeled as,

US(b) =
1

1 + e(
(bmax+bmin)

2 −b)
(1)

where US(b) is the user satisfaction perceived for bandwidth b, bmin is the
minimum bandwidth required to maintain the service and bmax is the maximum
bandwidth above which the user perceives no significant improvement in the
QoS.
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Figure 4: User satisfaction as a function of bandwidth for non–elastic service

The utility function Ui(bij) of the user i served by provider j, can be ex-
pressed as,

Ui(bij) =
aij

1 + e(
(bmax+bmin)

2 −bij)
(2)

where bij is the bandwidth received by ith user from jth provider. The co-
efficient aij is a positive parameter that indicates the relative importance of
empirical benefit and acts as a weightage factor. It is a simple scaling parame-
ter that maps user satisfaction to a dimension equitable to the price paid to the
WSP as the cost of the service.

User satisfaction for non–elastic service is a non-decreasing function of the
bandwidth received. However the satisfaction and thus the utility remains al-
most close to zero unless a minimum bandwidth (bmin) is received. This is
because all real time services require a minimum amount of resource to sustain
the application at the minimum QoS level. On the other hand, with a band-
width more than maximum needed for the service (bmax), the improvement in
the service quality is almost not recognizable. Thus, at very low and very high
bandwidth the marginal utility is almost 0. On the other hand, when the allo-
cated bandwidth is in between the minimum and maximum, the marginal utility
changes significantly.

It is then necessary to evaluate the price that must be advertised by the
providers for every service request. As the duration of the voice/video service
requested by the user is not known beforehand to the providers, it is not possible

10
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for the providers to set the price for the entire service duration. We propose
to divide the service pricing in smaller unit time periods, defined earlier as
sub–games. The advertised price of the service from the providers can be then
expressed as per unit of bandwidth, per unit time period.

If user i is connected to provider j for L time epochs, the cumulative utility
obtained by user i can be given by,

L∑

l=1

aij

1 + e(
(bmax+bmin)

2 −bij(l))
(3)

where, bij(l) is the bandwidth consumed in lth time period.
Net utility: We must also consider the cost incurred by user i for this game.

The cost is the price paid to the provider for obtaining the required amount of
bandwidth. Let the price per unit of bandwidth in lth time epoch set by service
provider j, 1 ≤ j ≤ M, be pj(l). The cumulative cost component for L time
periods is

mj =
L∑

l=1

pj(l)bij(l) (4)

Thus, the net utility from the user’s perspective for L time epochs can be given
by,

Uij =
L∑

l=1

aij

1 + e(
(bmax+bmin)

2 −bij(l))
−

L∑

l=1

pj(l)bij(l) (5)

Recall, the dimension of the constant aij is adjusted so as to make both the
right hand side terms of equation (5) dimensionally equatable.

The net utility for service provider j due to user i, if user i is connected for
L time periods, is given by

Vj =
L∑

l=1

mj(l) =
L∑

l=1

pj(l)bij(l) (6)

Strategies for Nash (Price) Equilibrium for non–elastic Service: To
investigate the existence of Nash equilibrium, we first need to consider if the
strategies taken by user and service provider are dominant best response to each
other and if these dominant best response strategies maximize their respective
net utilities. Moreover, for the existence of Nash equilibrium, we need to check,
given all other service providers and other users keep their strategies unchanged,
whether provider j or user i wants to change their strategies unilaterally to
increase their net utilities further. In this regard, we also need to see why
discretization of the game into sub-games is necessary for voice/video service.

Let us assume that user i requests for voice/video service. We consider the
first sub-game, where providers advertise a price for the first time for this user

11
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i. Being rational, the aim of user i is to shortlist the service providers providing
the user with positive net utility such that,

aij

1 + e(
(bmax+bmin)

2 −bij(l=1))
≥ mj(l = 1); where j ∈ M (7)

We claim that this is the necessary condition for the user but not the suffi-
cient. User i’s aim would be to maximize the net utility. Thus the dominant
best response from the user i’s perspective is to choose the provider that not
only provides positive net utility but also maximizes the net utility of all the
providers. Let us assume that provider j is the desired service provider in this
case. For generalization purpose, we assume that user i has been connected
to the provider j for n∗ consecutive sub-games, where, n∗ < n and n is the
expected number of sub-games user intends to connect for voice/video service.
Note that, n is not known to provider at the time of connection. Then net
utility obtained by user i over these n∗ consecutive sub-games is given by,

n∗∑

l=1

Uij(l) (8)

Suppose, at this point, provider j changes its price strategy (i.e., increase the
price), such that, user i’s net utility is not positive for (n∗ + 1)th sub-game. If
user i still decides to connect to provider j at the (n∗ + 1)th sub-game, the net
utility of user i will then be given by,

n∗∑

l=1

Uij(l) + Uij(l = n∗ + 1) (9)

As, Uij(l = n∗ + 1) is a negative quantity, it is evident that user i’s dominant
best response would be to withdraw from the game with provider j at n∗th
sub-game itself i.e., to disconnect from the service and leave with net utility∑n∗

l=1 Uij(l).
As far as the best response of provider j is concerned, we consider the 1st sub-

game of this session (game). Suppose, provider j advertises a price p̂ = pj(l = 1)
per unit bandwidth for the 1st sub-game and user i connects to this provider.
This implies that the price advertised by provider j maximizes the net utility
for user i. As user i has accepted the connection with provider j, the provider
knows for sure that if price p̂ is charged for subsequent sub-games, user i would
continue to play the game (i.e., remain connected). Thus, at equilibrium, the
lower bound on the pricing can be given by p̂. As a greedy player, provider j’s
strategy would be to charge higher and thus maximize its expected net utility
over the entire service. The expected net utility of the provider for the non-
elastic service to user i can be then given by,

n∑

l=1

mj(l)P (Uij(l) > Uik(l)) ∀k ∈ M, k 6= j (10)

12
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where, mj(l) is the revenue generated from user i at the lth sub-game and
P (Uij(l) > Uik(l)) denotes the probability of generating maximum net utility
for user i with provider j than any other provider. With the net utility equation
presented in equation (10), provider j’s dominant best response strategy would
be to

maximize [pj(l)bij(l)P (Uij(l) > Uik(l))] ∀k ∈ M, k 6= j (11)

at the beginning of the game with user i. To simplify and analyze the above
equation (11) for finding the optimal price pj(l), the probability P (Uij(l) >
Uik(l)) ∀k ∈ M, k 6= j can be expressed as

M∏

k=1
k 6=j

P (pj(l) < pk(l)) (12)

where pk(l), ∀k ∈ M, k 6= j, are the prices from all other service providers
except the service provider j under consideration. Then equation (12) can be
rewritten as

M∏

k=1
k 6=j

(1 − Fk(pj(l))) (13)

where Fk(pj(l)) is the cumulative distribution function of pj(l). Provider j’s
objective function that needs to be maximized can then be presented as

V = pj(l)bij(l)ΠM
k 6=j(1 − Fk(pj(l))) (14)

Note that, ΠM
k 6=j(1 − Fk(pj(l))) is a decreasing function of pj(l), i.e., with pj(l)

increasing, ΠM
k 6=j(1 − Fk(pj(l))) decreases. Then for notational simplicity, we

assume g(pj(l)) = ΠM
k 6=j(1 − Fk(pj(l))) where g(·) is a decreasing function with

pj(l). To find whether there exists any maximization point with respect to pj(l)
for equation (14), the second derivative must be negative and if so, equating the
first derivative to zero would give us the optimal pj(l). The first derivative of
the equation can be expressed as

∂V
∂pj(l)

= bij(l)g(pj(l)) + pj(l)bij(l)g
′
(pj(l)) (15)

while the second derivative is given by

∂2V
∂pj(l)2

= 2bij(l)g
′
(pj(l)) + pj(l)bij(l)g

′′
(pj(l)) (16)

Note that, as g(·) is a decreasing function with pj(l), g
′
(pj(l)) would be a neg-

ative quantity regardless of the actual nature of g(·), however the directional
orientation of g

′′
(pj(l)) in terms of positivity or negativity is not known. For

13



AC
C

EP
TE

D
M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

clarity of discussion on directional orientation of g
′′
(pj(l)), we present three

simple illustration scenarios below.

Illustration 1: g(x) = 1−xα where α > 0 and x > 0; g
′′
(x) = −α(α−1)x(α−2) <

0;
Illustration 2: g(x) = 1

1+x where x > 0; g
′′
(x) = 2

(1+x)2 > 0;

Illustration 3: g(x) = 1 − x where x > 0; g
′′
(x) = 0;

Note that, in all the above three illustrations g(·) is a decreasing function with
x, however, the second derivative may be positive, negative or zero depending
on the actual function property.

Thus maximization of the equation (14) is subject to the constraints as
follows. For g

′′
(pj(l)) > 0, the maximization point of the equation exists if

|2bij(l)g
′
(pj(l))| > |pj(l)bij(l)g

′′
(pj(l))| (17)

otherwise, for g
′′
(pj(l)) ≤ 0,

∂2V
∂pj(l)2

< 0 without any constraints (18)

and thus it is certain that maximization point exists. Once the existence of
maximization point is confirmed, equating

bij(l)g(pj(l)) + pj(l)bij(l)g
′
(pj(l)) = 0 (19)

and solving for pj(l) would give the optimal price p̂ which would maximize both
the user’s net utility and the provider’s net utility respectively.

As provider now knows the lower bound of the price charged which would
entice the user to join this particular provider, the natural inclination of the
provider would be to charge the user with a non-decreasing pricing sequence
over the consecutive sub-games. Let us assume without loss of generality that
the non-decreasing pricing sequence at equilibrium is given by,

pj(l = 1) ≤ pj(l = 2) ≤ · · · ≤ pj(l = n) (20)

which would maximize the expected net utility of the provider j as was given in
equation (10). However, provider’s best response would be to choose the max-
imum price from this non-decreasing pricing sequence given in equation (20).
Let us denote this maximum price by p̂max. It is also evident that p̂max is upper
bounded by the condition Uij(l) ≥ 0 and P (Uij(l) > Uik(l)) ∀k ∈ M, k 6= j.
Provider’s best response would then be to charge p̂max from the very 1st sub-
game. But earlier, we have seen that provider would charge p̂ in the 1st sub-
game, which is the lower bound of the prices charged. Thus it is clear that
p̂max = p̂, i.e., at equilibrium provider’s dominant best response would be to
charge the user with the price solution obtained from equation (19) subject to
the conditions presented in equation (17) and (18).

14
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Once, we have found the best responses for both the user and the provider,
it is rather easy to show that both players are affected by deviating from the
equilibrium unilaterally. If user i deviates from its dominant strategy unilater-
ally, the net utility obtained by the user will not be maximized (as explained in
equation (9)). Similarly, if provider j deviates from its best response by charg-
ing some other price then it can not increase the expected net utility any further
which proves the existence of Nash equilibrium.

4.2. Utility Functions and Nash equilibrium for Data Services
In contrast to voice/video services, in data services, a user gets utility only

when the whole file is downloaded completely (e.g., web download, FTP etc.);
else the utility is 0. In such a scenario, we modify the user satisfaction and
express it as

US(b) =
{

ks log(1 + b) 0 < b < bmax

1 b ≥ bmax
(21)

The parameter ks is used for normalization and is defined such that,

US(bmax) ∼= 1 (22)

The normalized user satisfaction presented for elastic service can be modeled as
in Fig. 5.
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Figure 5: User satisfaction as a function of bandwidth for elastic service

The utility function for user i from provider j can then be given by
{

aijkslog(1 + bij) if transaction is complete,
0 if transaction is incomplete (23)

where aij is a simple scaling parameter that maps user satisfaction to a dimen-
sion equitable to the price paid to the WSP as the cost of the service.

Net utility: The net utility for user i for data service upon completion can be
expressed as,

Uij = aijkslog(1 + bij) − m̂j (24)

15
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where, m̂j is the total price charged.

Strategies for Nash (Price) Equilibrium for data service: To investigate
the existence of Nash equilibrium for data service, we proceed with the analysis
similar to the voice/video service, i.e., we assume that the session (game) is
discretized into sub-games and user i uses the same best response strategy pro-
posed for the voice/video service, i.e., negotiate price at the beginning of each
sub-game. Suppose, user i requests for a data service at the beginning of the
1st sub-game and after QoS negotiation and price agreement, service provider
j is selected as the desired provider. Let the expected number of game sessions
to complete the entire data service be n (n > 1). Then, at the 1st game session,
user i would pay mj(l = 1) and will receive bandwidth bij(l = 1). At the end
of the 1st sub-game, the cost incurred by user i would be mj(l = 1), whereas,
the utility obtained is still 0; thus conflicting the nature of a rational player.
At this point, service provider j will become malicious and will charge a high
price for bandwidth provided from 2nd sub-game onwards. If user i quits the
game at this session and tries to connect to some other provider, the net utility
perceived so far will be negative as the service has not been completed thus
making the user a loser in the game. If user persists to be in the game with the
losing strategy, even then the net utility over the n sub-games will be negative as
provider continues to charge at a high rate. Thus it is clear that discretization
of prices over sub–games will not be a choice for end–users in this case. Though
discretization was necessary for voice services, for data services discretization
in terms of pricing is not at all desired to prevent provider to be malicious. So
user’s best response would be to quit the data service game if it is discretized
pricing. Thus from user i’s perspective, the equilibrium strategy would be to
negotiate price at the beginning for the entire data service if and only if net util-
ity for the entire data service is positive and maximized. Following this strategy
will enable the user to quit the game at any point of time if price advertised
by the provider does not maximize his net utility. This prevents provider to be
malicious as user quitting the game means provider would also loose the game
obtaining zero revenue though bandwidth is wasted.

Once we have the equilibrium strategy from user’s point of view, it is easy
to define the dominant strategy from service provider’s point of view. As user
would pay only once, service provider’s aim is to maximize

m̂jP
((

aijkslog(1 + bij) − m̂j

)
>

(
aikkslog(1 + bik) − m̂k

))

∀k ∈ M, k 6= j (25)

where, m̂j is the price charged for the entire service (game). P
((

aijkslog(1 +

bij) − m̂j

)
>

(
aikkslog(1 + bik) − m̂k

))
denotes the probability that the service

provider provides maximized net utility to the user i for this service than any
other provider with the one time charge m̂j . Similar to the analysis presented
in previous subsection, equation (25) can be rewritten as

V̂ = m̂jΠM
k 6=j(1 − Gk(m̂j)) (26)

16



AC
C

EP
TE

D
M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

where Gk(m̂j) is the cumulative distribution function of m̂j .
Then analyzing equation (26), similar to the method presented in equa-

tion (15) and (16) in previous subsection, we find that maximization point for
the equation exists if

∂2ΠM
k 6=j(1 − Gk(m̂j))

∂m̂j
2 < 0 OR,

|2
∂ΠM

k 6=j(1 − Gk(m̂j))
∂m̂j

| > |m̂j

∂2ΠM
k 6=j(1 − Gk(m̂j))

∂m̂j
2 | (27)

Once the existence of maximization point is confirmed, equating

∂V̂

∂m̂j
= 0 (28)

and solving for m̂j would give the optimal price which would be the provider’s
dominant best response strategy.

5. Network Selection Strategy for WSPs

With the differentiated service pricing and dominant best response strategies
defined for both users’ and service providers’ so far, we now step down the hi-
erarchy to consider the problem of network selection strategy from a particular
wireless service provider’s perspective once a service request is generated. For
generalization, we assume that each service provider is equipped with X hetero-
geneous networks, whereas each of these networks provide Y different services
as shown in Fig. 6.

Access Network 2 Access Network X

Wireless Service Provider

Access Network 1
(e.g. Cellular) (e.g. Wi−Fi) (e.g. WiMax)

Common User Pool

Service Class 1
(e.g. VoIP) (e.g. FTP)

ServiceClass Y Service Class 1 ServiceClass Y Service Class 1 ServiceClass Y
(e.g. VoIP)(e.g. VoIP) (e.g. FTP) (e.g. FTP)

Figure 6: Heterogeneous services under heterogeneous access networks

Then total bandwidth capacity of a service provider can be given by
∑X

x=1

∑Y
y=1 Bxy

where, Bxy is the bandwidth capacity of service y under network x. Moreover,
let us assume that the existing load (bandwidth already assigned to the existing

17
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users) under this service provider is
∑X

x=1

∑Y
y=1 B∗

xy where, B∗
xy is the band-

width allocated from service y under network x. Thus, we define a new metric
called QoS affect ratio for network i and denote it as,

Qx =

∑Y
y=1 B∗

xy∑Y
y=1 Bxy

∀x ∈ X (29)

Note that, 0 ≤ Qx ≤ 1 is directly related to the relative usage of the bandwidth
for each of the networks. As evident from equation (29), there is a chance that
QoS of the services in a particular network i will be degraded as more and more
users are served and admitted in network i and more bandwidth is allocated. On
the other hand, QoS of the services will be improved if the bandwidth capacity
of the service provider is improved.

It is clear that provider’s sole interest will be to increase the usage efficiency
by admitting new service requests, thus increasing the revenue. However, admit-
ting new request generates the risk of degraded QoS experienced by the existing
users resulting in users churning out decreasing provider’s revenue. Thus a
provider would want to optimize the network selection strategy to minimize the
users’ churning rate from any of the networks. Under this scenario, a service
provider’s best bet would be to admit the incoming service request to a partic-
ular chosen network which would introduce minimum relative increase in QoS
affect ratio.
Best response strategy from service provider: When a new service request
arrives, provider’s aim is to serve the request to increase the revenue, but at the
same time maintain the QoS of the on–going existing services. The important
question that arises is, which network (among the multiple overlaid networks)
to select for servicing a particular service request such that the relative increase
in QoS affect ratio is minimum. Note that, a service request can potentially be
served by more than one network. For example, a user trying to make a voice
call can use the Wi-Fi network or the cellular network.

We assume that user i requests for service y. The aim of the provider j
would be to admit this request so that expected revenue can be increased by,

mijP (user i connects to provider j) (30)

where, mij is the price paid by the user i to provider j. As a result provider’s
intention would be to follow the best response pricing mechanism (discussed
earlier) such that if a maximizing feasible solution exists both provider’s and
user’s net utility can be maximized to achieve Nash equilibrium. Let us consider
that provider j is such a wireless service provider. Then the question that we try
to answer is which network would this service provider select for this particular
service request. When a request for service y is served by network x, then the
relative increase in QoS affect ratio in service y under network x is given by

d

dbij

(
qxy

)
=

1
Bxy − B∗

xy

(31)
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where qxy denotes the QoS affect ratio of remaining resources for service y
under network x. Similarly, relative increase in QoS affect ratio in network x
considering all services, y ∈ Y, is given by

d

dbij

(
qx

)
=

1
∑Y

y=1 Bxy − ∑Y
y=1 B∗

xy

(32)

The provider’s best response would be to minimize the relative increase in QoS
affect ratio impact both on service y under network x and all services under
network x. Then the combined relative increase in QoS affect ratio for a par-
ticular service y under network x, and all services, y ∈ Y under network x can
be given by,

qr
x =

1

(
∑Y

y=1 Bxy − ∑Y
y=1 B∗

xy)(Bxy − B∗
xy)

(33)

A provider’s aim would be to select the network x from X , that would have the
least value of qr

x so that users experience least QoS affect and more users can
be served without users churning out.

6. Results and Discussions

In this section, we perform analytical computations and simulation experi-
ments to present the results. In subsection 6.1, we find the optimum price per
unit bandwidth as advertised by the providers. Later in subsection 6.2, we sim-
ulate the competition among providers with heterogeneous networks and study
the effectiveness of proposed network selection strategy.

6.1. Optimum price
We first consider a heterogeneous wireless system with 100 WSPs. We com-

pute the optimum price pj(l) for the case when the prices pk(l) : k 6= j are
exponentially distributed. We use the equations in (14)-(19) to compute the
optimum pj(l). We consider two cases – (i) when the prices pk are all indepen-
dent but not identically distributed and (ii) when the prices are independent
and identically distributed (i. i. d).

When the prices per unit bandwidth pk(l) are exponentially distributed with
mean 1

λk
, the CDF Fk(pj(l)) is given by

Fk(pj(l)) = 1 − e−λkpj(l). (34)

Using the expression for Fk(pj(l)) given by (34), we rewrite the expression in
(14) as,

V = pj(l)bij(l)e
−

∑M
k=1
k 6=j

λk

pj(l). (35)
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It is observed that this choice for Fk(pj(l)) satisfies the condition (17). The
optimum value of pj(l) that maximizes the expression in (35) is given by

p∗
j (l) =

1
∑M

k=1
k 6=j

λk

. (36)

When the pk(l)’s are i. i. d, the optimum value of pj(l) is obtained by putting
λk = λ ∀ k in (36), i. e.,

p∗
j (l) = 1

(M−1)λ ∀j. (37)

Thus, the optimum price per unit bandwidth advertised by all the WSP’s are
equal if the pj ’s are i. i. d.

Fig. 7 denotes the optimum price per unit bandwidth for each WSP when
the mean prices per unit bandwidth are different for each WSP. The WSPs are
assumed to be sorted in the decreasing order of the mean prices (i. e., increasing
order of λk) such that the maximum λk is normalized to unity. The optimum
prices per unit bandwidth are normalized such that the maximum of the op-
timum prices per unit bandwidth is unity2. It is observed that providers with
lower mean price per unit bandwidth obtain higher values of the optimum price
and vice-versa. This follows from the following argument: The distributions
and means of the prices are as estimated by the other WSPs in the system. The
WSP with higher mean estimates lower means for the other WSPs and hence
lower its own price so as to maximize the probability of making the user choose
itself.

Fig. 8 presents the optimum price per unit bandwidth for the WSPs when
the WSPs are assumed to be sorted in the increasing order of the mean prices
(i. e., decreasing order of λk) such that the minimum λk is normalized to unity.
The optimum prices are normalized as mentioned earlier. Similar behavior as in
Fig. 7 is observed in this case also. From Figs. 7 and 8, it is also observed that
for the WSPs with large mean price per unit bandwidth, the optimum prices per
unit bandwidth are all close to each other (almost within 2% of the maximum).
This is because, from (36), the larger the mean price, the smaller the λk and
hence the optimum price excludes the smaller values of λks and is dominated
by terms with larger values of λks, thus resulting in a small difference for users
with smaller values of λk. Since these WSPs are the ones likely to have users
subscribe to them, we also infer that as the number of networks become larger,
then the price differences between the chosen providers are minimum as in an
oligopoly market.

When the prices per unit bandwidth are all i. i. d, then, as mentioned earlier,
the optimum pj ’s are equal for all the WSPs. However, the optimum price for
all the WSPs are expected to decrease as the number of WSPs increases. This

2From the expressions for p∗
j (l) in (36) and (37), it is observed that the optimum p∗

j s scale
with λks and hence, the normalized values provide the same inferences and insights as the
absolute values.
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behavior is shown in Fig. 9. The optimal prices are normalized for a mean
of unity for all the WSPs. The rate of decrease also reduces as the number of
providers become large. From this, we infer that as the number of providers are
large, the entry of a new provider does not have significant effect on the price,
which is also intuitive in an oligopoly market.

We performed computations for other well known distributions like Rayleigh
and uniform distributions for pk(l) and observed similar behavior. For the spe-
cial case of a monopoly market (i.e., single provider in the system), the provider
can advertise an optimum price per unit bandwidth to be the maximum value
the price can possibly take according to the distribution, which is finite for dis-
tributions like uniform and arcsine and infinite for distributions like exponential
and Rayleigh.
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Figure 7: Optimal normalized price per unit bandwidth for each WSP when the WSPs are
sorted according to the descending order of the mean prices.

6.2. Simulation setup and Results
We conducted UNIX based simulation experiments to evaluate the improve-

ments achieved by the heterogeneous internetworking system. We present how
the proposed network selection strategy perform well to keep the QoS affect
ratio down. Evaluations for systems with and without internetworking are also
done for completeness.

For the purpose of simulation, we consider three wireless service providers
competing. Each of the service provider is assumed to have three different wire-
less access networks (3G network based on CDMA/HDR [2, 3], WiFi like access
network and WiMAX), each capable of supporting two different services (voice
and data in this case, while voice services has more bandwidth requirement than
data services). The coverage area of the 3G network is large but the perceived
QoS degrades as user goes far from the 3G base station. On the other hand,
Wi-Fi network coverage is provided by Wi-Fi access point (AP) that provides
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Figure 8: Optimal normalized price per unit bandwidth for each WSP when the WSPs are
sorted according to the ascending order of the mean prices.

0 20 40 60 80 100 120
10

−2

10
−1

10
0

Number of WSPs, M

P
ric

e 
pe

r 
un

it 
ba

nd
w

id
th

, p
j(M

)

Figure 9: Optimal normalized price per unit bandwidth with respect to the number of WSPs
when the prices are all i. i. d.
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Figure 10: per-user perceived utility

uniform coverage for a small area. Users are uniformly distributed over the
service area and they are equipped with multi–mode terminals capable of con-
necting to any of the networks provided it is inside the coverage area of that
particular network.

Earlier in section 3.1, we motivated the internetworked system by comparing
the users’ perceived benefit in terms of blocking probability and mean delay. In
Fig. 10, we present the effectiveness of internetworked system by comparing the
users’ perceived benefit in terms of our proposed utility functions. It is observed
from Fig. 10 that an improvement of 180% in per-user utility can be obtained
due to internetworking over the system without internetworking.

Next, for evaluating the proposed QoS affect ratio enabled network selec-
tion strategy, we present the results in Fig. 11 and 12. Users are uniformly
distributed in the region and request for either voice or data service resource
and upon completion of their services terminate the connection and free the oc-
cupied resource. In this regard, we try to find the worst (maximum) QoS affect
ratio in the access networks, i.e., which access networks is most badly impacted
in terms of QoS affect ratio of existing users and has the highest chance of users
churning out. For fair comparison, we compare the proposed QoS affect ratio
enabled network selection strategy (discussed earlier in section 5) with prioritized
remaining resource strategy (the network which has the most remaining resource
of the particular service type requested is prioritized in this strategy) and pri-
oritized minimum used resource strategy (the network which has the minimum
resource used of the particular service type requested is prioritized in this strat-
egy). In Fig. 11 and 12, we plot the results. In Fig. 11, we assume 50% of the
service requests are for voice and 50% are for data services. With the results
presented, it is evident that proposed QoS affect ratio enabled strategy perform
better in terms of selecting the access networks optimally, keeping in mind the
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Figure 11: Worst QoS affect ratio comparison with 50% voice and 50% data service request
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Figure 12: Worst QoS affect ratio comparison with 66.66% voice and 33.33% data service
request
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admittance of the newcoming request as well as the QoS of the existing users
thus minimizing the chance of users churning out.

Next, we changed the voice and data service request to 66.66% and 33.33%
of the total requests respectively. With more voice requests being generated, it
is intuitive that more bandwidth requirement will be in play most of the time
and thus QoS affect ratio will also increase. In Fig. 12, the results are being
shown. For completion, we also study the random network selection strategy.
It is evident from the results that proposed mechanism of network selection
strategy outperforms other three methods in terms of QoS affect ratio of the
existing users. Thus possibility of users churning out becomes lowest benefiting
both users and service providers.

7. Conclusions

The accessibility to different wireless networks serviced by different service
providers and competitive (QoS enabled) service offerings are making dynamic
trading of wireless services at a finer granularity in cognitive radio network
model. In this paper, we present a framework based on dynamic games and
formulate the interaction between providers and users in a market-based en-
vironment. Utility functions are formed for WSPs and users modeling their
conflicts. We prove that if users and providers comply with the proposed pric-
ing strategies, Nash (price) equilibrium can be achieved maximizing both users’
and providers’ net utilities. Optimum pricing for each WSP is also calculated
and presented in this regard. We also show that the proposed pricing policy is
in compliance with oligopoly market model by exhibiting larger sensitivity to a
new provider when the number of existing providers are low and low sensitivity
when the number of existing providers are high. With the differentiated ser-
vice pricing and dominant best response strategies defined for both users’ and
service providers’, we study network selection strategy for WSPs with multiple
overlapped networks. With the help of analytical computations and simulation,
we demonstrate how the proposed differentiated service pricing mechanism and
QoS affect enabled network selection strategy achieve better performance for
both WSPs and users. The extension of our work to study the performance
for different distributions of the user locations and the base station locations of
different networks, is a topic for further investigation.
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