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The net neutrality principle states that users should have equal access to all Internet content and that Internet Service Providers
(ISPs) should not practice differentiated treatment on any of the Internet traffic. While net neutrality aims to restrain any kind of
discrimination, it also grants exemption to a certain category of traffic known as specialized services (SS), by allowing the ISP to
dedicate part of the resources for the latter. In this work, we consider a heterogeneous LTE/WiFi wireless network andwe investigate
revenue-maximizingRadioAccess Technology (RAT) selection strategies that are net neutrality-compliant, with exemption granted
to SS traffic. Our objective is to find out how the bandwidth reservation for SS trafficwould bemade in a way that allowsmaximizing
the revenue while being in compliance with net neutrality and how the choice of the ratio of reserved bandwidth would affect the
revenue.The results show that reserving bandwidth for SS traffic in one RAT (LTE) can achieve higher revenue. On the other hand,
when the capacity is reserved across both LTE andWiFi, higher social benefit in terms of number of admitted users can be realized,
as well as lower blocking probability for the Internet access traffic.

1. Introduction

Heterogeneous Wireless Networks (HWNs), where two or
more Radio Access Technologies (RATs) coexist in the same
geographical area, offer several opportunities to the Internet
Service Provider (ISP) such as multiple connectivity options
and a low-cost coverage expansion [1]. The ISPs, facing the
fast increase in traffic demands, have interest in making the
best utilization of all available resources in the HWN in order
to increase the capacity of the network and meet, as much as
possible, their customers’ expectations and demands.

Managing resources inHWNs involves setting up policies
that regulate how the arriving traffic is distributed and served
among the available RATs. A well-known key mechanism for
resource management in HWNs scenarios is RAT selection.
It consists of taking a decision, at each arrival of a new call
request, on whether to accept this call or not and the RAT to
which it can be admitted.

The decision taken by the RAT selection policy is based
on the objective set by the ISP such as the maximization of

the generated revenue. However, it is important to set rules
that regulate how the traffic is served in order to avoid that
the ISP exercises any kind of trafficdiscrimination.Hence, the
principle of net neutrality has gained lots of attention recently.

The main idea behind net neutrality is that ISPs should
treat all Internet traffic equally regardless of the content,
application, device, sender, or receiver. While net neutrality
principle states that all Internet traffic has to receive equal
treatment, an exemption is granted to some non-Internet
access services that require high transmission quality, known
as specialized services (SS) [2]. Some examples of SS include
VoLTE, linear broadcasting IPTV, and real-time health ser-
vices [3]. In order to secure higher Quality of Service (QoS)
to SS, the ISP is allowed to dedicate a certain amount of
bandwidth to those services, without causing a degradation
of the QoS experienced by the Internet access services (IAS)
traffic.

However, in order to follow the net neutrality regulations,
the ISPs might lose some of the generated revenue. Having
revenue maximization as our main focus, we address the
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following problem: how the bandwidth reservation for SS
traffic would be made in a way that allows maximizing the
revenue while being in compliance with net neutrality and how
the choice of the ratio of reserved bandwidth would affect the
revenue?

In the present work, we derive RAT selection policies that
allow maximizing the revenue while being net neutrality-
compliant at the same time. We consider an integrated
Long-Term Evolution (LTE)/Wireless Fidelity (WiFi) hetero-
geneous network. The optimal RAT selection policies are
derived with the help of Markov Decision Process (MDP).
Two types of traffic are considered, namely, SS and IAS traffic.
To reserve bandwidth for SS traffic, two cases are proposed:
bandwidth reserved in LTE only and bandwidth reserved
in the whole HWN. Our aim is to figure out which way of
bandwidth reservation is better to adopt and to investigate
how the revenue would be affected by the choice of the ratio
of reserved bandwidth to SS traffic.

The main contributions of this paper can be summarized
as follows:

(1) Investigation of the MDP-based approach for RAT
selection, with focus on revenue maximization as
objective

(2) Integration of net neutrality in the RAT selection
policy, with two variants of bandwidth reservation for
SS traffic

(3) The impact of the ratio of reserved bandwidth for SS
traffic being studied with both variants

(4) The coverage probability of WLAN being analytically
modeled with the help of Poisson Point Process (PPP)

(5) The spatial distributions of the cellular base stations
(BS),WiFi access points (AP), and the users being also
captured with PPP.

The remaining of the paper consists of the following parts:
Section 2 presents the motivation and related work in the
literature. Section 3 describes the systemmodel. In Section 4,
the components of theMDPproblem are presented. Section 5
presents and analyzes the obtained results. Finally, we con-
clude this study in Section 6.

2. Motivation and Related Work

Net neutrality has been heavily discussed in the past decade as
a potential way to prevent the ISPs from exercising any type
of discrimination on the Internet traffic. Content providers,
in general, support net neutrality especially in monopolistic
regimes where an ISP might have pricing power over the
Internet access market. The ISPs, on the other hand, argue
that service differentiation is crucial for QoS enhancement
[4].

The use of capacity increase as an alternative to deal with
QoS concerns resulting from applying net neutrality has been
addressed in the literature. While this seems plausible, early
study, for example, [5], already showed that the relation-
ship between the net neutrality regulation and investment
incentives is subtle and that it is difficult to draw general

unambiguous conclusions regarding this issue. In addition,
recent study, for example, [6], further shows that when strict
net neutrality is applied, the ISPswill no longer have incentive
to invest in expending their infrastructure and enhance the
QoS.

Wu in [7] expanded the net neutrality debate by suggest-
ing that policymakers ought to consider how to apply net
neutrality regulations to wireless networks.This was opposed
by a number of economists (e.g., [8]) who argued that, unlike
the wired market, the competition will remain high in the
wireless one.

Mart́ınez et al. in [9] provided an initial analysis of the
impact of net neutrality on quality of experience-based differ-
entiation in mobile networks. In [10], the authors shed light
on the content provider discrimination and discussed the
impact of some of the disruptive network applications on net
neutrality. In some otherwork, for example, [4, 11], alternative
regulations to net neutrality have been proposed. Authors in
[6] studied the paid prioritization where the content provid-
ers decide to pay for this priority in monopolistic access mar-
ket. They showed that, with ISP’s optimal pricing, the service
differentiation becomes efficient and the social welfare among
the different content providers is close to its maximum.
Altman et al. in [12] presented a bargaining framework to
decide howmuch the ISP should charge the content provider.

In a previous work [13], we investigatedMDP as a tool for
modeling revenue-maximizing RAT selection policies. How-
ever, net neutrality was not taken into account in the derived
model. The way the traffic was handled provided privileges
to the high-priority traffic in getting admission to LTE which
offers better QoS guarantees, at the expense of blocking or
handing over part of the low-priority traffic from one RAT to
another.This allows achieving higher revenue but violates the
net neutrality regulations.

Net neutrality and its integration in RAT selection poli-
cies have been addressed in [14], where the performance
of various RAT selection strategies that are net neutrality-
compliant was compared. The objective was to give insight
into the effect of applying net neutrality regulations on the
revenue and the QoS.

In the present work, we model two variants of RAT selec-
tion policy that differ by the way the bandwidth reservation
for SS traffic is exercised. Both are net neutrality-compliant
and aim to maximize the generated revenue. By comparing
their performance, we try to find the most appropriate way of
bandwidth reservation for SS traffic and investigate the
impact of the ratio of this reserved bandwidth on the generat-
ed revenue.

3. System Model

3.1. Network Architecture. We consider the case of an
LTE/WiFi overlay network [15]. The traffic arrivals to the
different base stations are independently distributed. Hence,
without loss of generality, we can shift our focus to a single
cell 𝐶targ that corresponds to the coverage area of one cellular
BS. LTE has global coverage, overlaying the WLAN; that is,
within the coverage of the considered BS, there exists one or
more WiFi AP(s).
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Two types of traffic are served, namely, SS and IAS traffic,
where IAS is charged a price 𝑃𝑙, while SS is charged a price
𝑃ℎ > 𝑃𝑙. Naturally, this pricing differentiation affects the traf-
fic distribution among SS and IAS. In this paper, we adopt
that and the ratio of traffic that is being sent as SS traffic
out of the total traffic can be computed with the help of the
following demand function that was proposed in [16] and has
been adopted in the literature, for example, [17]:

𝐷[𝑃ℎ] = 𝑒−(𝑃ℎ/𝑃𝑙−1)2 , (1)

which implies that, out of the total traffic, the ratio of IAS
traffic is (1 − 𝑒−(𝑃ℎ/𝑃𝑙−1)2).

3.2. Spatial Distribution. Because of the overlay nature of our
studied HWN scenario, a connection request might occur
either in an area that is covered by the cellular RAT only or
in a dual coverage area. In the latter case, an arriving session
request can be admitted to LTE or to WiFi depending on the
decision provided by the RAT selection policy. Here arises the
need of getting knowledge regarding the spatial distribution
of the BSs and the APs. The considered network architecture
can be seen as a 2-tier heterogeneous network, where tier-1 is
LTE and tier-2 is WiFi. A spatial point process, such as PPP,
provides a concise and tractablemodel forHWNs, by offering
a statistical modeling for the spatial distribution of the BSs
and APs. In fact, PPP model has been used extensively for
modeling unplanned networks [18] which is typically the case
of WLAN APs’ deployment. In our considered scenario,
the different aspects of the PPP model can be described as
follows:

(i) The positions of BSs/APs belonging to tier-𝑘 are
modeled according to a homogeneous PPP 𝜙(𝑘) with
intensity 𝜆(𝑘), where 𝜆(𝑘) is defined as the number of
BSs/APs per area unit, and 𝑘 ∈ {1, 2}with 𝑘 = 1 refers
to LTE and 𝑘 = 2 refers to WiFi.

(ii) Users are also scattered in the plane according to a
homogeneous PPP 𝜙(𝑢) with intensity 𝜆(𝑢) users per
area unit, independently of 𝜙(𝑘).

Through PPPmodeling, different metrics can be captured. In
the following, we derive the probability for a user to be under
tier-𝑘’s coverage and the traffic arrival rates.

3.2.1. Coverage Probability. The cellular system has global
coverage; that is, all users in the considered HWN fall under
the coverage of the cellular RAT. Hence, the coverage prob-
ability of LTE is 𝑃𝑐,1 = 1.

As for the coverage probability of WiFi, it can be derived
with the help of PPP as follows. First, we assume that each
AP covers a circular area of known radius 𝑅; that is, the
transmission of each AP can be received clearly by users
residing at a distance not exceeding 𝑅. Second, the interfer-
ence from neighboring APs is considered negligible. Hence,
a typical user is said to be under the coverage of WLAN if
the distance 𝑟 separating this user from the nearest AP is less
than 𝑅. Therefore, the probability that a user is underWLAN
coverage is equivalent to the cumulative distribution function

of 𝑟, namely,P[𝑟 < 𝑅].Without loss of generality, we consider
that the typical user is located at the origin of the plane under
consideration [18].Then, knowing that the null probability of
a 2D Poisson process in an area 𝑍 is exp (−𝜆𝑍) [19], we can
derive the coverage probability of WiFi 𝑃𝑐,2 as follows:

P [𝑟 > 𝑅] = P [𝜙(2) ∩ 𝑏 (0, 𝑅) = 0] = 𝑒−𝜋𝜆(2)𝑅2 , (2)

where 𝑏(0, 𝑅) is the Euclidean ball of radius 𝑅 centered at
origin. Hence, the coverage probability of tier-2 is given by

𝑃𝑐,2 = P [𝑟 < 𝑅] = 1 − P [𝑟 > 𝑅] = 1 − 𝑒−𝜋𝜆(2)𝑅2 . (3)

3.2.2. Traffic Arrivals and Holding Times. With the assump-
tion that each user of class 𝑖, 𝑖 ∈ {1, 2} (𝑖 = 1 represents SS
and 𝑖 = 2 represents IAS) generates traffic following a Poisson
distribution with average 𝜎𝑖 calls/second, the traffic arrival
rates 𝜆1 and 𝜆2 of classes 1 and 2, respectively, can be easily
derived as follows:

𝜆1 = 𝜎1 ⋅ 𝐷 [𝑃ℎ] ⋅ 𝜆(𝑢) ⋅
𝐶targ

 arrivals/second

𝜆2 = 𝜎2 ⋅ (1 − 𝐷 [𝑃ℎ]) ⋅ 𝜆(𝑢) ⋅
𝐶targ

 arrivals/second,
(4)

where |𝐶targ| is the area covered by the targeted cell 𝐶targ (in
area unit) and𝐷[𝑃ℎ] is found from (1).

Note that, in (4), 𝜆(𝑢) ⋅ |𝐶targ| appears in both 𝜆1 and
𝜆2, together with 𝜎1 and 𝜎2, respectively. To simplify the
representation, in later analysis and results, wewill simply use
𝜆1 = 𝜎1𝐷[𝑃ℎ] and 𝜆2 = 𝜎2(1−𝐷[𝑃ℎ])with 𝜎1 and 𝜎2 normal-
ized against 𝜆(𝑢) ⋅ |𝐶targ|.

As for the call holding time for class 𝑖, the traffic of each
class is assumed to be inelastic; that is, the average duration
of the service is independent of the allocated number of
channels and following exponential distribution with mean
1/𝜇𝑖, 𝑖 ∈ {1, 2}.

4. Markov Decision Process Formulation

An MDP model is provided to derive the optimal RAT
selection policy which maximizes our objective function.
This model can be uniquely identified by five components:
the state space, decision epochs, action space, state dynamics,
and the reward function.We define each of these components
in the following subsections.

4.1. State Space. The state space represents the number of
ongoing sessions in the HWN, that is, the number of SS
sessions being served in LTE andWiFi and, similarly, number
of IAS sessions being served in both LTE and WiFi. For ease
of representation in MDP, we model the problem with one
particular AP in WLAN that we call the targeted AP. Hence,
a 4D-MDP serves to build our model. On the other hand,
we assume a fixed total capacity for both RATs, each being
partitioned into a fixed number of basic bandwidth units
(bbu) as in, for example, [15, 20, 21].This implies that a limited
number of sessions can be served simultaneously by each
RAT. The total capacities of LTE and WiFi can be defined
as integers that we denote by 𝐶1 and 𝐶2, respectively. Any
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newly arriving session that cannot be granted its required
amount of bbu is blocked. Thus, by restricting the number
of ongoing connections in the system, the delivered QoS to
the different connections can be maintained at an acceptable
level. To simplify the notation, we refer to each type of served
traffic as class 𝑖, with 𝑖 = 1 denoting SS traffic and 𝑖 = 2 denot-
ing IAS traffic.

We define the following row vectors:

(i) State vector of LTE is

s1 = [𝑛1,1, 𝑛1,2] ∈ Z
2
+. (5)

(ii) State vector of WiFi is

s2 = [𝑛2,1, 𝑛2,2] ∈ Z
2
+. (6)

(iii) State vector of the system is

s = [𝑠1, 𝑠2] = [𝑛1,1, 𝑛1,2, 𝑛2,1, 𝑛2,2] , (7)

where 𝑛𝑗,𝑖 denotes the number of sessions of class 𝑖 in RAT 𝑗 ;
Z+ represents the set of nonnegative integer numbers.

The state space 𝑆 of the system, which is the set of all fea-
sible states, differs according to the RAT selection policy.The
following two cases are to be distinguished: reserved band-
width for SS traffic in LTE only and reserved bandwidth for
SS in both LTE and WiFi.

State Space: Reserved Bandwidth in LTE Only. In this case, the
state space can be defined as follows:

𝑆 = {s = [𝑠1, 𝑠2] = [𝑛1,1, 𝑛1,2, 𝑛2,1, 𝑛2,2] ∈ Z
4
+, 𝑛1,1 + 𝑛1,2

≤ 𝐶1, 𝑛2,1 + 𝑛2,2 ≤ 𝐶2, 𝑛1,2 ≤ (𝐶1 − 𝐶1,res)} ,
(8)

where𝐶1,res represents the number of reserved bbu in LTE for
the usage of SS traffic.

State Space: Reserved Bandwidth in LTE and WiFi. In this
case, the reserved bandwidth for SS traffic is spread across the
available RATs, namely, LTE andWiFi.The state space in this
case becomes

𝑆 = {s = [𝑠1, 𝑠2] = [𝑛1,1, 𝑛1,2, 𝑛2,1, 𝑛2,2] ∈ Z
4
+, 𝑛1,1 + 𝑛1,2

≤ 𝐶1, 𝑛2,1 + 𝑛2,2 ≤ 𝐶2, 𝑛1,2 + 𝑛2,2
≤ (𝐶1 + 𝐶2 − 𝐶res)} ,

(9)

where 𝐶res denotes the number of bbu reserved for SS traffic
in both LTE and WiFi.

4.2. Decision Epochs and Actions. At each arrival of a class 𝑖
session request, 𝑖 ∈ {1, 2}, the RAT selection policy makes
a decision concerning the admission of this new session.
A decision epoch occurs at each new session request. It is
defined as the time following immediately an arrival event.
As for the events of call completion, they do not require any
decision to be taken by the system.

The action taken following each decision epoch can be
defined as a vector a = [𝑎1, 𝑎2] where 𝑎𝑖 denotes the action
resulting from the arrival of a class 𝑖 session. A decision can
be either to admit the arriving session to LTE or to admit it to
WiFi or block it. 𝑎𝑖 can be defined as follows:

𝑎𝑖 =
{{{{
{{{{
{

−1, if the session is admitted to LTE,
1, if the session is admitted to WiFi,
0, if the session is blocked.

(10)

The action space of the MDP is defined as the set of
vectors a as follows:

𝐴 = {a = [𝑎1, 𝑎2] , 𝑎1 ∈ {−1, 0, 1} , 𝑎2 ∈ {−1, 0, 1}} . (11)

However, for a given state s ∈ 𝑆, the decision should always
lead to a state s that is also in 𝑆. Moreover, when the system is
in state (0, 0, 0, 0), the action (0, 0) should be avoided in order
for the system to keep evolving. Hence, for a given state s =
[𝑛1,1, 𝑛1,2, 𝑛2,1, 𝑛2,2] ∈ 𝑆, the state action space𝐴 𝑠 ⊂ 𝐴 is given
by the following:

𝐴 𝑠 = {a ∈ 𝐴 : 𝑎𝑖 ̸= −1 if [𝑠1 + 𝑒𝑢𝑖 , 𝑠2] ∉ 𝑆, 𝑎𝑖
̸= 1 if [𝑠1, 𝑠2 + 𝑒𝑢𝑖 ] ∉ 𝑆, 𝑎𝑖 = 0 if [𝑠1 + 𝑒𝑢𝑖 , 𝑠2]

∉ 𝑆, [𝑠1, 𝑠2 + 𝑒𝑢𝑖 ] ∉ 𝑆, 𝑎 ̸= (0, 0) if 𝑠 = (0, 0, 0, 0)} ,

(12)

where 𝑒𝑢𝑖 ∈ {0, 1}2 is a vector of zeros except for the ith
element which is equal to 1.

4.3. State Dynamics. The state dynamics of the MDP are
defined by two parameters, namely, the expected sojourn
time and the transition probabilities.

4.3.1. Expected Sojourn Time. The sojourn time 𝜏(𝑠, 𝑎) is
defined as the expected time for the system to stay in state
s ∈ 𝑆 given that action a ∈ 𝐴 𝑠 is chosen, until a new state is
entered. The sojourn time is used to compute the transition
probabilities for a continuous-timeMDP, and its value can be
expressed as follows [22, 23]:

𝜏 (𝑠, 𝑎) = [𝜆1 𝑎1
 + (𝑛1,1 + 𝑛2,1) 𝜇1 + 𝜆2 𝑎2


+ (𝑛1,2 + 𝑛2,2) 𝜇2]−1 ,

(13)

where 𝜆𝑖 is the arrival rate for class 𝑖 traffic, 𝑖 ∈ {1, 2} is found
from (4), and 1/𝜇𝑖 is the mean value of the call holding time
of class 𝑖.

4.3.2. Transition Probabilities. Let 𝑃𝑠𝑠(𝑎) denote the transi-
tion probability from state s = [𝑠1, 𝑠2] ∈ 𝑆 to state s ∈ 𝑆,
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Table 1: System parameters.

Parameter Symbol Value
Capacity of LTE 𝐶1 30 bbu
Capacity of WiFi 𝐶2 5 bbu
Price charged for SS traffic 𝑃ℎ 1.6 monetary unit (MU)
Price charged for IAS traffic 𝑃𝑙 1.0MU
Reserved bandwidth for SS traffic in LTE 𝐶1,res 5 bbu
Reserved bandwidth for SS traffic in the HWN 𝐶res 5 bbu
Total traffic intensity 𝜌 2 to 12 Erlang (E)
Ratio of SS traffic 𝐷[𝑃ℎ] 0.69
Average Session holding time, SS traffic 1/𝜇1 200 s
Average Session holding time, IAS traffic 1/𝜇2 150 s

s ̸= s, provided that action a ∈ 𝐴 𝑠 is chosen.The state transi-
tion probabilities can thus be written as follows:

𝑃𝑠𝑠 (a)

=

{{{{{{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{{{{{{
{

𝜆1𝛿 (−𝑎1) 𝜏 (s, a) , if s = [s1 + 𝑒𝑢1 , s2] ,
𝜆2𝛿 (−𝑎2) 𝜏 (s, a) , if s = [s1 + 𝑒𝑢2 , s2] ,
𝜆1𝑃∗𝑐,2𝛿 (𝑎1) 𝜏 (s, a) , if s = [s1, s2 + 𝑒𝑢1] ,
𝜆2𝑃∗𝑐,2𝛿 (𝑎2) 𝜏 (s, a) , if s = [s1, s2 + 𝑒𝑢2] ,
𝜇1𝑛1,1𝜏 (s, a) , if s = [s1 − 𝑒𝑢1 , s2] ,
𝜇2𝑛1,2𝜏 (s, a) , if s = [s1 − 𝑒𝑢2 , s2] ,
𝜇1𝑛2,1𝜏 (s, a) , if s = [s1, s2 − 𝑒𝑢1] ,
𝜇2𝑛2,2𝜏 (s, a) , if s = [s1, s2 − 𝑒𝑢2] ,
0, otherwise.

(14)

where𝑃∗𝑐,2 is the coverage probability of the targetedAP:𝑃∗𝑐,2 =
𝑃𝑐,2/|𝐶targ|𝜆(2) and 𝛿(𝑥) is a function defined as follows:

𝛿 (𝑥) =
{
{
{

0, if 𝑥 ≤ 0,
1, if 𝑥 > 0.

(15)

4.4. Policy and Reward Function. For each state s = [𝑠1, 𝑠2] ∈
𝑆, an action a ∈ 𝐴 𝑠 is chosen according to a policy 𝜋𝑠 ∈ Π,
where Π is a set of admissible policies defined as follows:

Π = {𝜋 : 𝑆 → 𝐴 | 𝜋𝑠 ∈ 𝐴 𝑠, ∀s ∈ 𝑆} . (16)

The reward function for choosing action a ∈ 𝐴 𝑠, when
the system is in state s ∈ 𝑆, can be defined as follows:

𝑟 (s, a) = 𝑤1,1 ⋅ 𝛿 (−𝑎1) + 𝑤1,2 ⋅ 𝛿 (−𝑎2) + 𝑤2,1 ⋅ 𝛿 (𝑎1)

+ 𝑤2,2 ⋅ 𝛿 (𝑎2) ,
(17)

where 𝑤𝑗,𝑖 ∈ R+ is the weight associated with the admission
of a class 𝑖 session into RAT 𝑗,R+ being the set of nonnegative
real numbers. Since our objective is to maximize the revenue,
the weights𝑤𝑗,𝑖 in the reward function are assigned the value
𝑃ℎ for 𝑖 = 1 and 𝑃𝑙 for 𝑖 = 2.

By solving theMDP, an optimal policy 𝜋∗ that maximizes
the reward function can be found.The RAT selectionmodule
will then, based on the optimal policy provided by the MDP,
decide on the admission or rejection for each arriving session.
A summary of the notations used in the paper is presented in
Notations.

5. Numerical Results

In this section we present and analyze the results obtained
from the implementation of the two variants of the net
neutral revenue-maximizing RAT selection policy, namely,
bandwidth reservation for SS in LTE only and bandwidth
reservation for SS in the HWN as a whole. In addition, the
results obtained from a non-net neutral revenue-maximizing
RAT selection policy (introduced in [13, 14]) are presented
as reference. The non-net neutral policy prioritizes the
admission of SS services traffic and allows the handover of
IAS traffic between LTE and WiFi when there is need to free
resources for SS traffic.

To solve the MDP problem and find the optimal policy,
we used the relative value iteration algorithm, defined in the
MDP toolbox (developed by [24]). If not otherwise stated, the
values of the system parameters used in our analysis are as
shown in Table 1.

5.1. Revenue. The term revenue, as used in this paper, desig-
nates the charges paid by the customers in exchange for the
services they are receiving. In our case, it is the amount paid
by them for transmitting their traffic over the ISP’s network
in monetary unit (MU).

The revenue achieved when applying the two variants of
the net neutral RAT selection policy along with that achieved
by the non-net neutral one is depicted in Figure 1, for the
values of average session holding times (1/𝜇1 and 1/𝜇2) stated
in Table 1, and by varying the average call arrival rates 𝜎1 and
𝜎2 (i.e. varying 𝜆1 and 𝜆2 (c.f. (4))). The x-axis represents the
total traffic intensity 𝜌 = 𝜆1/𝜇1 + 𝜆2/𝜇2. As expected, the
non-net neutral policy is the one that achieved the highest
revenue. In addition, the results show that both net neutral
variants have comparable performance in terms of revenue
with an advantage to reserving capacity in LTE. Because LTE
has global coverage and better QoS guarantees than WiFi,
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Figure 1: Revenue achieved in monetary unit [MU], fixed session
durations.
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Figure 2: Revenue achieved in monetary unit [MU], fixed arrival
rates.

reserving capacity in LTE to SS traffic allows larger number
of SS sessions to be admitted to the system, resulting in
higher revenue as compared to the case where the bandwidth
reservation is done across LTE and WiFi.

To show the impact of varying the session durations on
the revenue, we experimented with fixed arrival rates with
values 𝜎1 = 0.028 and 𝜎2 = 0.03 and varied the average ses-
sion holding times (Figure 2). In this case, similar trends are
observed as in Figure 1.We notice, however, that the achieved
revenue has become lower as compared to the case where the
session durations are fixed.This is because, for the same traffic
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3 4 5 62 8 9 10 11 127



1

2

3

4

5

6

7

8

9

10

11

N
um

be
r o

f a
dm

itt
ed

 se
ss

io
ns

Figure 3: Social benefit.

intensity level, Figure 1 resulted from higher traffic rates (or
indeed higher call arrival rates) with shorter session duration
times, while Figure 2 is from lower traffic rates (or indeed
lower call arrival rates) with longer session duration times.
As a result, thewireless resources become reserved for shorter
time andmore calls could be admitted for the case of Figure 1,
providing higher revenue, while, for the case of Figure 2,
with increased session duration times, implying lower call
arrival rates with the same traffic intensity level, the wireless
resources become reserved for longer time, fewer arrivals will
be admitted giving hence lower revenue.

5.2. Social Benefit. The social benefit is a metric that offers
insight into the user experience and is defined as the total
number of admitted sessions into the network regardless
of the traffic type. Figure 3 depicts the number of admitted
sessions obtained by the three considered RAT selection
policies.We observe that the non-net neutral policy is the one
that achieves the highest social benefit as it allows rearranging
the traffic betweenLTE andWiFi in order to admit the highest
possible number of sessions. It is also shown that when
reserving capacity for SS spans the whole HWN, it becomes
possible to admit more sessions (particularly IAS sessions)
than in the case where the reserved bandwidth is in LTE only
and therefore a better social benefit is realized.

5.3. Blocking Probability. The blocking probability obtained
by the considered RAT selection policies is depicted in
Figures 4 and 5 for SS and IAS traffic, respectively.We observe
that the blocking probability for SS traffic is lower when the
reserved bandwidth is in LTE only, while for IAS traffic it is
the opposite, which also confirms the results for revenue and
social benefit depicted in Figures 1, 2, and 3. On the other
hand, while the non-net neutral policy provides the lowest
blocking probability for SS traffic due to the priority granted
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Figure 4: Blocking probability, specialized services traffic.
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Figure 5: Blocking probability, Internet access traffic.

to the latter, it provides the highest blocking probability for
IAS traffic.

Having compared the three performance metrics (rev-
enue, social benefit, and blocking probability), we conclude
that reserving capacity for SS traffic in the whole HWN offers
more advantages despite an insignificant loss in revenue,
by providing a better social benefit and lower blocking
probability for IAS traffic.

5.4. Reserved Capacity for SS: Impact on Revenue. In this part,
we investigate the impact of the ratio of reserved capacity for
SS traffic on the generated revenue for both studied scenarios,
namely, when the dedicated capacity for SS traffic is reserved
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Figure 6: Revenue, different ratio of reserved capacity (LTE only).
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Figure 7: Revenue, different ratio of reserved capacity (global reser-
vation).

in LTE only and when it is reserved across the HWN. Unlike
the investigation above where the reserved capacity for SS is
fixed as shown in Table 1, the values of reserved capacity ratio
vary from 0% to 20% in the investigation of this subsection.

In the first case, that is, capacity reserved in LTE only, the
revenue tends to increase with the increase of the reserved
bandwidth up to a certain point, after which the revenue
starts to decrease (Figure 6). This is due to the fact that when
the ratio of reserved capacity is high, some resources will be
reserved unnecessarily, while they could have been exploited
to admit IAS traffic. We lose therefore some revenue that
could have been achieved if more IAS traffic was admitted.

In the second case, where the bandwidth reservation for
SS traffic is done across all RATs in the HWN, the behavior
is similar (Figure 7). However, we notice that the graph is
smoother than in the first case.This allows us to conclude that
varying the ratio of reserved capacity for SS traffic in this case
has less impact on the revenue than when we reserve capacity
in LTE only. This is due to the possibility of admitting larger
number of IAS sessions when the bandwidth reservation for
SS traffic is done across the HWN.
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6. Conclusion

In this work, we present a model for RAT selection in HWNs
where net neutrality is taken into consideration and with the
objective of maximizing the revenue. We study particularly
the exemption granted to SS traffic that the net neutrality
regulation allows. Two variants of the RAT selection strategy
are proposed, namely, bandwidth reservation in LTE only and
bandwidth reservation in the whole HWN.TheMDP formu-
lation for the two variants is presented, and a model for the
spatial distribution of the BSs, APs, and the users is provided.
Our objective has been to give insight into how the bandwidth
reservation for SS traffic should be made in order to ensure
a maximum revenue while remaining compliant to net
neutrality and how the ratio of reserved bandwidth should
be chosen. In terms of performance, we conclude that reserv-
ing resources in the whole HWNmay be more beneficial as it
guarantees better social benefit than the other variant, as well
as lower blocking probability for IAS traffic, at the expense
of a marginal loss in the generated revenue. Moreover, the
impact of the ratio of reserved capacity for SS traffic on the
achieved revenue was investigated with both variants of the
RAT selection policy.

As a final remark, using MDP in this work, we have man-
aged to formulate the RAT selection problem. However, we
were not able to obtain closed-form expression for the solu-
tion, that is, expressing the revenue as an explicit function of
the adopted net neutrality approach and the involved param-
eters. To address this limitation, we have resorted to using
mathematical tool to numerically solve the MDP problem
and get the results. The numerical results presented in the
paper were obtained through implementing the mathemat-
ical model inMATLAB. By varying the inputs along different
angels,mainly traffic density (due to either traffic rate changes
or session service time changes) and the ratio of reserved
capacity, we have tried to give an overall picture. For the use
of the results in this paper, an ISP, given its traffic condition,
could do similar numerical investigation (e.g., as for Figure 6)
to find out how much capacity it could reserve for SS traffic
to maximize the revenue.

Notations

|𝐶targ|: Coverage area of the targeted LTE
base station

𝜙(𝑘): Poisson Point Process distribution of
RAT 𝑘

𝑅: Radius of the circular area covered by
an AP

𝑟: Distance separating a typical user from
the nearest AP

𝜆(𝑘): Number of BS/AP per unit area of RAT 𝑘
𝜆(𝑢): Number of camping users per unit area
𝜆𝑖: The arrival rate of class 𝑖
𝑝𝑐,𝑘: Coverage probability of RAT 𝑘
𝜎𝑖: The average number of sessions per

second generated by a class 𝑖 user
1/𝜇𝑖: The average session holding time of class 𝑖
𝐶𝑘: Capacity (number of channels) of RAT 𝑘

𝑛𝑗,𝑖: Number of sessions of class 𝑖 in RAT 𝑗
sk: The state vector of RAT 𝑘
s: The state vector of the system
𝑆: The state space of the system
𝑎𝑖: The action resulting from the arrival of a

class 𝑖 session
a: Vector representing the action taken

following a decision epoch
𝐴: The action space of the MDP
𝐴 𝑠: The action space of state s
𝐶1,res: Number of reserved bbu for SS

traffic in LTE
𝐶res: Number of reserved bbu for SS traffic in

the HWN
𝜏(𝑠, 𝑎): Expected sojourn time in state s when

action a is chosen
𝑃𝑠𝑠(a): Transition probability from state s to state

s when action a is chosen
𝑃∗𝑐,2: Coverage probability of the targeted AP
𝜋𝑠: Policy chosen at state s
Π: Set of admissible policies
𝑟(s, a): Reward function for state s when

action a is chosen
𝑤𝑗,𝑖: Weight associated for admitting a class 𝑖

session in RAT 𝑗
𝜋∗: Optimal RAT selection policy
𝑃ℎ: Price charged for SS traffic
𝑃𝑙: Price charged for IAS traffic
𝜌: Total traffic load: sum of traffic load of SS

and IAS traffic.
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